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SUMMARY
The results of this experimental pathological 
investigation of the rat larynx and its response to tobacco 
smoke exposure, are summarised below;
Normal rat larynx
Five, ultrastructurally distinct, epithelial types 
were identified, namely, squamous, squamoid, ciliated, and 
two cuboidal forms. The distribution of these types generally 
reflected the likelihood of abrasion or irritation. However, 
in the lower epiglottis (an apparently vulnerable site) areas 
of ciliated epithelium were found. Significant differences 
in mitotic indices were detected between laryngeal regions, 
which usually correlated with epithelial type. An unusually 
high mitotic index was found in the ciliated epithelium of 
the lower epiglottis.
Effect of tobacco smoke
Epithelial hyperplasia and squamous metaplasia 
occurred after three days of exposure to smoke. The 
distribution of these lesions throughout the larynx was non- 
homogeneous, with the ciliated areas of the lower epiglottis, 
the cuboidal epithelium cranial to the ventral pouch, and 
the squamous epithelium over the arytenoid projections as 
predilection sites. In the respiratory epithelium, squamous 
transformation was preceded by acute inflammation and 
degeneration. Simultaneously increased mitoses, basal 
hyperplasia and squamous differentiation occured and were 
followed by "slit-formation" and desquamation. In contrast, 
metaplasia of cuboidal epithelium developed by transformation 
of the original cells. Continued smoke exposure Cup to two 
years) caused keratinisation and undulation of the epithelia, 
but no neoplasia.
Investigations into the mechanism (s) of smoke "-induced changes.
A single smoke exposure was found to allow transient 
penetration of the tracer, horseradish peroxidase, into the 
intercellular spaces of ciliated epithelium in the lower 
epiglottis. One exposure also altered the ability of 
ciliated cells to exclude horseradish peroxidase from their 
cytoplasm. The application of histamine in vitro, also 
allowed penetration into the intercellular spaces. The amount 
of histochemically-demonstrable reduced glutathione was 
decreased after one smoke exposure, in epithelia which 
subsequently underwent changes.
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CHAPTER 1
INTRODUCTION.
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Following the report by Dontenwill in 1970, that the larynx 
was the only site of preneoplastic and neoplastic change in the 
respiratory tract of hamsters after chronic tobacco smoke 
exposure, considerable attention was focused on the larynx.
This was particularly true in light microscopical investigations 
of toxicity studies performed to assess the safety of tobacco 
substitutes (and the effect of tobacco smoke itself), according 
to the guidelines laid down in the Report of the Independent 
Scientific Committee on Smoking and Health (19 75). At the 
commencement of these toxicity studies,it became apparent that 
the rodent larynx had been neglected in terms of anatomy and 
histology when compared with the other regions of the 
respiratory tract.
Therefore the rodent larynx was considered a suitable topic 
for research. Published reports were sparse and it was 
considered beneficial to further investigate changes observed 
by initial light microscopical studies, so that their 
significance to the human situation could be more confidently 
assessed. The rat was chosen in preference to the hamster as 
all previous toxicity studies, in this laboratory, had been 
performed with this species, and the effect of chronic tobacco 
smoke exposure was unknown.
In this introductory chapter ,the topic is initially 
discussed in the context of human laryngeal and lung diseases. 
Secondly, tobacco smoke is described in terms of its 
constituents, with brief reference to their known biological 
activities, and the relationship between smoking and human lung 
and laryngeal diseases is discussed. A brief account is then 
given of the association between some other environmental factors 
and human laryngeal and lung diseases,followed by a summary of 
tests and animal models used to assess smoke carcinogenicity and 
toxicity. Finally the aims of the work performed in the present 
thesis are described, and the use of ultrastructural and 
histochemical techniquesin pathological investigations discussed.
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Human pulmonary disease
Two of the most important pulmonary diseases in the 
U.K. are chronic bronchitis and lung cancer. The former 
causes more than 30,000 deaths every year and the latter 
nearly 35,000 (Montgomery, 1965). The U.K. has the 
highest mortality from bronchitis of all European countries, 
the crude mortality in 1960 being: England and Wales: 58;
Scotland: 43; Sweden: 4; Finland: 4; and Poland: 3,
per 100,000. Men are affected with chronic bronchitis at 
least twice as frequently as women, and the condition is 
characterised clinically by: a hypersecretion of mucus,
which provokes a recurrent and persistent cough;' by a 
tendency to acute and subacute exacerbations; and to 
recurrence every winter (Montgomery, 1965). Pathologically 
the most significant characteristic of chronic bronchitis 
is the progressive development of permanent structural 
changes in the respiratory airways and in the lungs, which 
perpetuate the condition. The basic change in the lung is 
hypertrophy of the mucus-secreting apparatus - glands and 
goblet cells (Reid, 1954). The consequences of chronic 
bronchitis relate to the stress of coughing and the inter­
mittent occlusion of the finer branches of the respiratory 
tract by secretion and exudate. In established cases some 
degree of emphysema is common and as this condition is 
progressive, pulmonary hypertension develops as shown by 
hypertrophy of the right ventricle (cor pulmonale).
Carcinoma of the lung is the principal neoplasm of the 
respiratory tract. All but a few can be shown to be 
bronchial in origin, the commonest site being a large 
bronchus, usually near the hilus. Carcinoma of the lung 
may be of 3 major types: squamous-cell carcinoma, adeno­
carcinoma and undifferentiated anaplastic carcinoma.
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Carcinoma of the lung spreads by direct growth and produces 
metastases via lymphatics and the vascular system. Wide­
spread metastases are characteristic of lung cancer and 
often occur early. Also, they are not related to the size 
of the primary growth, extensive dissemination taking place 
from relatively small primary tumours. In this country, 
lung cancer ranks as the most important cancer in men. 
Approximately half the number of all deaths registered from 
cancer in males are pulmonary in site compared to 15% in 
women.
Several investigations have looked for an association 
between bronchial carcinoma and chronic bronchitis. It has 
been reported that patients with bronchial carcinoma more 
commonly have a past history of chronic bronchitis than 
"control" groups (Doll and Hill, 1952; Wynder, Bross and 
Day,. 1956). Both diseases frequently co-exist in the same 
person, but it is difficult to discover whether chronic 
bronchitis itself plays a part in predisposing to bronchial 
carcinoma.
Human laryngeal disease
Laryngeal diseases are usually less common and 
severe than the lung conditions previously described.
Laryngeal obstruction is an important condition as it 
develops rapidly and has critical implications if its effects 
are unrelieved. Obstruction of the larynx may bring about 
pulmonary collapse in both lungs. Traumatic laryngeal 
obstruction is commonly due to the impaction of foreign 
bodies in the larynx, a relatively common occurrence in 
children, or to the spasm and oedema that may follow the 
inhalation of acute irritants, either gaseous or liquid. In 
this respect the effect of temperature is important as steam 
and hot gases are especially penetrating. An inflamed larynx 
may be occluded by the formation of an exudate, as with the
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membrane of diphtheria, or from oedema glottidis which may 
develop quite suddenly as a complication of pharyngeal or 
laryngeal inflammation, precipitated sometimes by exposure 
to extreme cold.
Papilloma of the larynx is predominantly a lesion of 
children,but older people are not exempt. In children the 
lesion takes the form of a generalised papillomatosis which 
may also affect the trachea and bronchi. The lesions 
usually develop on the vocal folds and are thought to be 
due to a virus (Holinger, Johnston Conner, Conner--and ffolper71962) . 
In children the lesions are often self-limiting, regressing 
at puberty, and an endocrine relationship has been suggested.
In this context Holinger, Johnston and Anison (1950) reported 
a case in which papillomas disappeared during each of 3 
pregnancies of a 25 year-old woman. Majoros, Parkhill and 
Devine (1964) considered that laryngeal papilloma in 
children is pre-cancerous and reported a series of 101 children 
with microscopically proven papilloma observed over a period 
of 47 years. Malignant transformation occurred in 14% of the 
43 patients who received radiotherapy, but not in any patient 
who did not receive radiotherapy. In older people laryngeal 
papillomata may have a more serious significance. They are 
usually squamous cell type, tend to recur after removal and 
although initially retained by an intact basement membrane, in 
some cases invasion takes place after many years. The lesions 
commonly arise in the true vocal cords but only infrequently in 
the false cords, the anterior commissure and epiglottis. The 
tumours continue to grow and reappear after excision. This 
recurrence may be the result of incomplete removal or 
destruction of a lesion, but is more often due to the 
formation of a new papilloma originating in an adjacent 
area (Ashley, 1978).
Paralysis of one, or even both, vocal cords secondary 
to recurrent nerve injury may escape diagnosis. Only a 
slight change in the voice may be noticed. However, a 
lesion affecting both superior and recurrent laryngeal nerves
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may result in a cord lying flaccid several millimeters 
away from the midline. If. bilateral this may be accompanied 
by severe loss of voice and by aspiration on swallowing.
Most people experience occasional attacks of acute 
laryngitis accompanied by voice hoarseness and aphonia 
during their lifetime. Complete recovery usually occurs, 
but repeated acute attacks may lead to a persistent condition. 
Chronic laryngitis is less common, and as with chronic 
bronchitis and bronchial carcinoma, has been linked with 
laryngeal carcinoma. Gabriel and Glyn Jones (1960) found 
that 20% of all cases of laryngeal cancer seen by them during 
a five year period had suffered from chronic laryngitis 
before the known onset of cancer. Chronic irritation is 
frequently a factor in the aetiology of cancer. Grossly, 
laryngitis is characterised by hyperemia and thickening of 
the mucosa, with dilatation of small capillaries (Wallner, 
1954). In infants and children, the already small airway 
may become seriously or even fatally constricted by 
inflammation and oedema with infections such as croup, a 
viral infection especially affecting the mucosa within the 
cricoid ring. Epiglottitis, usually an infection with 
Haemophilus influenzae is dangerous, because of the absence 
of hoarseness as a warning sign and because of its fulminating 
course (Proctor, 1977).
Polypoid degeneration of the vocal cords is a condition 
which varies from simple oedema to bilateral rounded polypoid 
masses with a sessile base, but freely movable because of 
their thin attachment. Histologically, Myerson (1950) 
described the lesion as an oedematous fibroma, the tumour 
consisting mainly of fibrous tissue in an oedematous 
stroma. Jackson and Jackson (1937 ).called this condition 
polypoid corditis and the tumours which later developed as 
oedematous fibromata.
-9-
The terms keratosis and leukoplakia have been used 
synonymously by some authors for laryngeal lesions (Clerf,
19 46; Putney and O'Keefe, 1953; Holinger and Johnston,
1951), but others described them as separate conditions 
(Jackson and Jackson, 1937). Wallner (1954) defined keratosis, 
clinically, as chalky white, localised elevations of the 
mucosa, which corresponded histologically with epithelial 
hyperplasia. Leukoplakia is considered a 
precancerous lesion (Montgomery, 19 65) and as the name 
implies the condition consists of an abnormal white plaque 
of keratin, which may fissure, ulcerate and become painful, 
progressing to cancerous invasion.
The term carcinoma in situ was used by Broders (19 32) 
to describe an early pre-invasive stage of intra-epithelial 
carcinoma that was recognised by marked cellular alteration 
in epithelia. Carcinoma in situ, usually found on the vocal 
cords, may occur at the periphery of an invasive carcinoma 
or alone. The pre-invasive lesion, if left untreated, may 
progress to invasive carcinoma, but usually does not do so 
until many years have elapsed (Ashley, 1978).
-Laryngeal carcinoma accounts for 900 deaths per year 
in England and Wales - 1% of all malignant deaths. In the 
United States there were 3,351 (2808J's and 543?’s) deaths 
from laryngeal cancer in 19 76 and 3,350 (2900J's and 450$'s) 
in 1978. The disease occurs at all ages, but is most 
frequent between 60 and 75 years. There was a marked increase 
in mortality from laryngeal cancer in the U.K. from 
1911-19 32 (Kennaway and Kennaway, 19 36; Maxwell and Hogg,
1933) .
Jackson and Jackson (.19 39) claimed that the early 
stage of laryngeal cancer was curable in 80% of cases. Thus,
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early diagnosis is of vital importance, and Proctor (1977) 
stated that laryngeal cancer is possibly the most curable 
of all cancers, the lack of lymphatics preventing early 
metastasis. In the U.S. the 5-year survival rate is 
improving and is presently 60% for all stages (Report of 
the U.S. Surgeon General, 1979). The vast majority of 
carcinomas arising and contained within the rim of the 
larynx are squamous-cell growths (Ashley, 1978). Shaw and 
Epstein (1959) found that one in seven of their cases of 
epiglottic carcinoma the tumours comprised basal cylindrical 
and superficial-flat cells similar to those of urinary tract 
tumours and termed them transitional cell carcinomata. In 
about 4% of cases of squamous carcinoma the tumours are 
multiple. Approximately 70% of squamous neoplasms are 
located in the glottis and 25% in the supraglottis. Usually 
squamous carcinoma originates in the anterior half of the 
true vocal cord at its free border and grows slowly. The 
laryngeal cartilages appear to resist invasion, so that 
an intrinsic carcinoma tends to be confined,- but once the 
growth has infiltrated into the perilaryngeal muscles 
metastases appear in the lymph nodes (Ashley, 1978). 
Laryngeal cancer was predominantly a disease of males, but 
the incidence for females has increased in the past 20 years 
(Schneiderman, 1978; Wynder, Covey, Mabuchi and Mushinski, 
1976).
In addition to squamous carcinomata, occasionally 
other tumour types are found within the larynx. Coates 
(1976) described 12 cases of granular cell tumours in the 
human larynx. These tumours are uncommon, benign and 
usually located in the posterior portion of the larynx.
The histogenesis of the tumour is uncertain, but a neural 
or epithelial origin was considered most likely. Benisch 
Tawfik and Brietanbach (1975) described a small cell 
carcinoma which with electron microscopy was found to 
contain neurosecretory granules.
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Adenocarcinomas are unusual (Crissman and Rusenblatt,
1978; Toomey, 1967) and comprise 1-2% of all laryngeal 
cancers. Most adenocarcinomas are of 3 histological types: 
adenocarcinoma (indeterminate type); cylindroma; and 
mucoepidermoid. The tumours are believed to arise from 
the minor salivary or mucous glands. Whicker, Neel,
Weiland and Devine (1974) found that of 27 cases: 10 were
subglottic; 6 in the pyriform sinus; and 5 were supraglottic. 
Eighteen of the cases had metastases in the cervical region.
Laryngeal disease of domestic and laboratory animals.
Reports on laryngeal diseases in domestic animals are 
rare and brief.
Laryngeal obstruction is occasionally seen in cattle 
or horses due to food particles.
Oedema has been reported to occur as part of an allergic 
syndrome (Blood and Henderson, 1968).
Laryngitis in domestic animals often forms part of a 
syndrome of respiratory infections.
In horses a condition known as laryngeal hemiplegia 
occurs, in which there is paralysis of one of the arytenoid 
projections. Often there is enough strength in the muscles 
to hold it open during ordinary breathing, but not during 
vigorous exercise. The air currents draw the arytenoid 
into mid-stream which limits the amount of inspired air and 
causes a roaring sound. The crico-arytenoideus muscle 
shows atrophy and becomes replaced by fibrous tissue. The 
recurrent laryngeal nerve shows demyelination and Wallerian 
degeneration. The condition is possibly caused by strong 
aortic pulsations affecting the left recurrent laryngeal 
nerve (Smith and Jones, 1968).
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Neoplasms of the larynx have only rarely been reported 
in domestic animals. Cotchin (1967) reported three cases 
of squamous cell carcinoma in cats, all aged over 10 years; 
Lieberman (1954) found a metastasising adenocarcinoma in a 
10 year old cat; Collet (1935) described an undifferentiated 
carcinoma from an 11-year old cat; and Wilmes (1938) 
reported a squamous cell carcinoma in an 18-year old horse.
No accounts of spontaneous laryngeal neoplasms in 
laboratory animals have been traced in the literature. This 
may be partially explained by the infrequent examination of 
this organ in the past, but in life-time studies of rodents 
performed in recent years no spontaneous neoplasms were 
reported (Karbe and Koester, 1974; Homberger, 1975).
Tobacco smoke
When considering tobacco smoke and smoking it is 
important to remember that in the U.S.A., in 1978, an estimated 
54 million men and women smoked 615 billion cigarettes.
Tobacco smoke is a unique environmental compound.
Wynder and Hoffmann, in 196 7, reported that it contained 
about 1,200 identified constituents, Dymond and Kilb urn.
(1967) considered that there may be "several thousand" and 
in 1979, the report of the U.S. Surgeon General quoted over 
2,000 constituent compounds.
For experimental analysis purposes cigarette smoke 
is usually separated into gas phase and particulate phase, 
by passing whole smoke (Table 1) through a conventional 
Cambridge filter. The particulate phase is defined as that 
portion of smoke collected on the filter (known as "tar") 
and the gas phase is the portion which passes through. The 
gas phase makes up over 90% of the volume of whole smoke, 
but contains a much smaller number of compounds.
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In the following section, except where stated, the 
information is taken from the Report of the U. S. Surgeon 
General119 79).
TABLE 1
Major constituents of tobacco smoke
Compounds.
*
.w.t.. (mg/cigarette) Q.
Particulate matter 40.6 8.2
Nitrogen 295.4 59.0
Oxygen 66.8 13.4
Carbon dioxide 68.1 13.6
Carbon monoxide 16.2 3.2
Hydrogen 0.7 0.1
Argon 5.0 1.0
Methane 1.3 0. 3
Water vapour 5.8 1.2
C 2 ~Cg hydrocarbons 2.5 0.5
Carbonyls 1.9 0.4
Hydrogen cyanide. 0.3 0.1
Source:Report of U.S. Surgeon General,1979.
Thus, smoke is an aerosol of highly concentrated 
particles ("tar"), with each particle being composed of 
a large number of organic and.inorganic compounds, all 
dispersed in the gaseous media. The smoke aerosol is 
continuously changing, and "aging" of smoke results in marked 
changes in its physical and chemical properties.
A. Gas phase:
Of the gas phase more than 70% is comprised nitrogen 
and oxygen. A great deal of attention has been paid to 
carbon dioxide and especialy carbon monoxide which are 
formed by oxidation of tobacco constituents in the high
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temperature, zone and by decarboxylation in the pyrolysis, 
distillation and low temperature' zones. Tobacco smoke 
is known to contain nitric oxide (5-800 ug/cigarette) and 
trace amounts of nitrogen dioxide and nitrous oxide. The 
NO 2  content rapidly rises with "aging" of smoke. Ammonia 
(22-130 ug/cigarette) is also found, particularly in 
sidestream smoke, which also contains a far higher con­
centration of volatile nitrosamines than mainstream smoke. 
At least 8 nitrosamines are known to be present in fresh 
smoke and many are known to be carcinogenic (Table 2).
TABLE 2
Gas phase - known carcinogenic agents
Compounds Amount in smoke of one cigarette
Dimethylnitrosamine . 5-180 ng
Other dialkyInitrosamines 2-80 ng
Nitrospyrrolidine 1-110 ng
Nitrosopiperidine 0-9 ng
Hydrazine 24-43 ng
Vinyl chloride 6-16 ng
Source: Report of U.S. Surgeon General , 1 9  79.
More than 600 nitrogen-containing compounds have been 
identified in tobacco smoke, including aliphatic and 
aromatic amines, with methylamine (4-6 ug/cigarette) and 
aniline (1-2 ug/cigarette) predominant. Several amines 
especially pyrrolidine are thought to be possible precursors 
of the carcinogenic N-nitrosamines. Three other nitrogen- 
containing compounds with tumorigenic activity, found in 
smoke, are: hydrazine (30 ug/cigarette); 1,1-dimethyl-
hydrazine (100 ng/cigarette) and urethane (20-38 ng/cigarette). 
The highest concentration.of organic compounds found in 
smoke are the hydrocarbons; with methane (200-1000 ug/ 
cigarette), ethane (100-600 ug/cigarette) and propane
-15-
(50-300 jug/cigarette) as the major examples of the 15 
saturated aliphatic hydrocarbons and ethylene (50-200 jug/ 
cigarette) and propene (50-250 jug/cigarette) as the major 
examples of volatile olefins. Volatile aldehydes and 
ketones are of special interest as they inhibit ciliary 
movement (Dalhamn and Rylander, 1966; 1968) the most 
important examples are formaldehyde, acetaldehyde and 
acrolein (Table 3).
TABLE 3
Gas phase - known ciliatoxic agents
Compound Amount in smoke of one cigarette
Hydrogen cyanide 
Formaldehyde 
Acrolein 
Acetaldehyde
100-700 jug 
20-90 jug 
45-140 jug 
18-1,440 jug
Source: Report of U.S. Surgeon General, 1979.
B. Particulate phase:
Of the constituents 
widely known is nicotine 
varies between 0.05 and
of tobacco smoke perhaps the most 
The nicotine content of smoke 
2.50 mg/cigarette and it is
considered a major contributor to the toxicity of tobacco 
smoke. Non-volatile nitrosamines (e.g. N^-nitrosnornicotine) 
are formed by nitrosation of alkaloids and are of special 
interest as they are the only'tobacco specific carcinogens 
to have been identified, so far. Two known human bladder 
carcinogens have been identified in trace amounts in 
cigarette smoke (^-naphthylamine and 4-aminobiphenyl) and 
a safe level of exposure for human bladder carcinogens has 
not been established. During all incomplete combustion 
of organic material, small amounts of aromatic hydrocarbons,
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are formed. Over 200 benzene hydrocarbons, including toluene 
(20-150 ug/cigarette.) and benzene (10-100 ug/cigarette) 
have been identified. More than 100 individual polynuclear 
aromatic hydrocarbons have been identified to date in 
tobacco smoke including: benzo(a)pyrene, dibenz(a,h)
anthracene and dibenzo(a,h) pyrene. Their levels are 
well below their practical threshold as complete mouse skin 
carcinogens, but their effect in tobacco smoke is of tumour 
initiators. Although the nicotine-free basic portion of 
tobacco smoke is inactive as a complete carcinogen it 
contains traces of carcinogenic aza-arenes including 
dibenz(a,h) acridine and dibenz(a,j) acridine. Nicotine 
is thought to be able to serve as a precursor for these 
potential carcinogens. Smoke also contains a number of 
alkylated catechols, hydroquinone, resorcinol and volatile 
phenols. The latter group appears to contribute slightly 
to the tumour promoting activity. A considerable number 
of carboxylic acids are present in smoke, and although high 
concentrations of fatty acids play a role as tumour 
promoters with benzo(a)pyrene, it appears that they are of 
minor importance in tobacco carcinogenesis. About two 
dozen hydroxy-^-lactones have been identified, and several 
are known to be alkylating agents and induce sarcomas in 
rats (Lawley, 1976). Most of the minerals and other 
organic compounds in tobacco remain in the ashes after 
combustion, but some are vaporised and transfer to the smoke 
stream. In terms of carcinogenicity of tobacco smoke a 
great deal of attention has been paid to arsenic and nickel. 
Up to 8.6% of the arsenic (0.012. ug/cigarette) in tobacco 
may be transferred into the respiratory tract. All forms 
of nickel (metal, oxide, sulphide, salts and carbonyl) have 
been shown to be carcinogenic in experimental animals.
Nickel carbonyl is especially carcinogenic in rodent 
respiratory tract. In addition several forms of cadmium 
(0.12 ug/cigarette) have also been shown to be carcinogenic.
The tumour initiators, carcinogens and cocarcinogens, 
known to be present in tobacco smoke are listed in Tables 4-6.
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TABLE 4
Particulate phase - known carcinogenic agents
Compound Amount in smoke of one cigarette
N ^ -Nitrosonornicotine 140 ng
Nitrosopiperidine 0-9 ng
Nitrosopyrrolidine 1-110 ng
Nickel compounds 0-600 ng
Cadmium compounds 9-70 ng
p-Naphthylamine 22 ng
O-Nitrotoluene 21 yg
Source : Report of U.S. Surgeon General ,19 79.
TABLE 5
Particulate phase - known tumour initiators.
Compound Amount in smoke of one cigarette
Benzo(a)pyrene 10-50 ng
5-Methylchrysene 0.6 ng
Dibenz(a,h) anthracene 40 ng
Benzol(b)fluoranthene 30 ng
Benzo(j) fluoranthene 60 ng
Dibenz(a,j) acridine 3-10 ng
Indeno(1,2,3-cd) pyrene 4 ng
Benz(a) anthracene 40-70 ng
Chrysene 40-60 ng
Methylchrysenes 18 ng
Methy1fluor anthene s 50 ng
Dibenz (a,h) acridine 0.1 ng
Dibenz(c,g) carbozole 0.7 ng
Source : Report of U.S. Surgeon General ,19 79.
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TABLE 6
Particulate phase - known g o - carcinogens..
Compound . Amount in smoke of one cigarette
Pyrene 50-200 ng
Methylpyrene 30-300 ng
Fluoranthene 100-260 ng
Methylfluoranthenes 180 ng
Benzo(ghi)perylene 60 ng
Benzo(e)pyrene 30 ng
Naphthalenes 0. 3-6. 3 ]ig
1-Methylindoles 0.83 ug
9-Methylcarbazoles 0.14 ug
Catechol 200-500 yg
4-Alkylcatechol 10 yg
Source ; Report of U.S. Surgeon General , 1979.
Thus, in conclusion, tobacco smoke is a complex mixture 
of:relatively harmless; toxic; and carcinogenic compounds.
In addition to the biological activities of individual 
compounds there is an infinite number of possible combinations 
and interactions. Therefore, in the present thesis tobacco 
smoke was regarded as a single entity and no attempt was made 
to determine which compounds were responsible for the effects 
observed.
Association between smoking and lung and laryngeal disease.
A relationship between cancer of the lip and tobacco 
smoking was first noted by Holland (1711) and later by 
Soemmerring (1795). Pathologists in central Europe were 
suspicious of tobacco smoke as a cause of lung cancer at 
least since 1898 (see Clemmeson, 1969) but the idea that 
the widespread use of cigarettes at the start of the
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twentieth century was related to the increase in lung 
cancer some decades later found widespread and often strong 
resistance. The first attempt at statistical support of the 
theory that lung cancer occurred almost exclusively in 
smokers was produced by Fleckseder (1936) followed by 
Milller (1940). In the 1950*s several studies in the U.K. 
and U.S.A. investigated the hypothesis and hundreds of 
thousands of people were asked about their smoking habits and 
followed with a view to their later fate. These studies 
showed that smoking increased the mortality risk from bronchial 
carcinoma 10-13 times and chronic bronchitis 3 times. Primary 
cancer of the lung, which was a rare disease in man 50 years 
ago, has increased in frequency to a phenomenal degree 
(up to 50- fold). This increase, which certainly cannot be 
explained entirely by improvements in diagnosis, has been 
attributed to cigarette smoking. The fact that for the past 
30 years, the incidence of lung cancer appears to have 
followed the consumption of tobacco, is in itself not very 
convincing evidence. More relevant is the fact that the 
incidence is highest among heavy cigarette smokers, and 
lowest among non-smokers. Stocks (1958) found that the 
death rates from lung cancer increased with cigarette 
smoking, typical figures (for Cheshire) were:
Cigarettes per week Lung cancer deaths 
(cer 100,000 c? s.)
0 19
2-99 100
100-149 201
150-199 171
200+ . 279
As with lung disease, smoking has also been associated 
with laryngeal lesions. Myerson (1950) considered that 
polypoid degeneration of the vocal folds was directly due 
to smoking as all of his 143 patients were heavy smokers, and 
in cases in which only oedema was present it would disappear 
within 24 hours of cessation of smoking.
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Smoking has also been linked with the occurrence of 
keratosis of the larynx. Chronic irritation is usually 
quoted as the cause of this condition, with smoking as the 
commonest offender (Wallner, 1954). Clerf (1946) considered 
smoking to be a predisposing factor, but viewed vitamin A 
deficiency as an additional factor. In cases reported by 
LeJeune (1951) and by Friedberg and Wallner (1953) all 
were from smokers.
Numerous factors contribute to the development of 
chronic laryngitis, such as dusty air, abuse and faulty use 
of the voice, infection of the sinuses, mouth breathing, 
alcohol, as well as tobacco smoke. Wallner (1954) found that 
the disease was so commonly seen in heavy smokers that this 
seemed the single most important and common aetiological 
agent. Additional evidence was gained by the finding that 
the condition was usually reversible on cessation of smoking.
Ryan, McDonald and Devine (1955) investigated the hypothesis 
that "if tobacco smoke is harmful to the larynx, then some 
pathologic changes should be present in the larynx of 
excessive smokers that are not present in the non-smoker".
They examined 1,500 larynges from males aged between 40 and 
60 years, and measured epithelial thickness at 3 sites: the
false cord, the true cord, and the subglottis. Their results 
are summarised below:
i. there was a thicker surface epithelium in smokers 
than non-smokers, due in part to excess keratinisation 
of the true cord, but mostly to epithelial hyper­
plasia at all 3 sites;
ii. there was a greater degree of round-cell infil­
tration in smokers;
iii. slightly more oedema was present in smokers;
iv. squamous metaplasia occurred only in smokers.
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Ryan, McDonald and Devine (1955) thus concluded 
that excessive smoking was associated with pathologic 
changes in the larynx.
Jackson and Norris (1963) found similar evidence and 
stated that "the laryngeal mucosa of heavy smokers has been 
found to show a disproportionate degree of epithelial 
thickening due to hyperplasia and keratinisation, and 
these changes frequently progress to keratosis and 
leukoplakia (hyperkeratosis, dyskeratosis), both of which, 
in certain instances, may eventuate in actual malignant 
alteration, particularly if exposure to irritation is 
continued ".
Auerbach, Hammond and Garfinkel, (1970), reported the 
findings of examination of 971 larynges from men who had 
died of causes other than laryngeal cancer. They found 
atypical nuclei, carcinoma-in-situ and early invasive 
carcinoma of the epithelium, predominantly in the true 
vocal cord and to a lesser degree in the false cord. The 
smoking habits and occupations of cases were reviewed and 
it was found that: the lesions were much higher in smokers
than in men who never smoked; the lesions increased in 
proportion to the number of cigarettes smoked per day; 
and ex-smokers had fewer changes than smokers. Auerbach, 
Hammond and Garfinkel (1970) concluded that their study 
indicated that death rates from laryngeal cancer, as well 
as bronchogenic carcinoma, were definitely related to 
smoking.
Although with laryngeal cancer there is less consensus 
as to the aetiological factors and the statistical 
association with smoking than in bronchial carcinoma, there 
is still considerable evidence for the link (Homburger, 
1975). Friedberg and Wallner (1953) found that 97% of
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laryngeal cancer cases were from known smokers and 
Hermann (1943) found that 87% of male patients with 
laryngeal cancer smoked regularly. The association of 
laryngeal carcinoma with tobacco smoking has not always been 
unanimously accepted, however. Clerf, Putney and O'Keefe 
(1948) although noting that 11. . .. a majority of the 
patients (with laryngeal cancer) used tobacco either 
moderately or excessively", surprisingly concluded that: 
"nothing was shown to substantiate the belief that smoking 
was a predisposing factor"!
Many epidemiological studies have investigated the 
relationship between smoking and laryngeal cancer. These 
studies have demonstrated a strong positive association 
(Dutta — Choudhuri, Roy and Sen Gupta, 1959; Wynder and 
Stellman, 1977; and Wynder and Stellman, 1979) . Wynder,
Covey, Mabuchi and Mushinski (1976) considered that the 
recent increased incidence of laryngeal cancer in females 
was related to the increase in female cigarette smokers 
in age groups for which laryngeal cancer rates are high. 
Further evidence was provided by McMichael (1978) who 
considered that the increased incidence of laryngeal cancers 
in Britain and Australia in recent years was related to the 
increase in cigarette smoking after the 1939-45 war, 
particularly in women. McMichael (1978) showed that there 
has been a greater percentage increase in laryngeal cancer 
in British women than men, especially younger women. In 
women cigarette smoking has increased in the past 30 years,, 
whereas in men it has remained relatively static. There is 
a strong dose-response relationship with both the number of 
cigarettes smoked per day and the duration of smoking. Wynder 
and Stellman (19 79) found that at every level of cigarette 
consumption in both males and females, those who smoked 
filter cigarettes had a lower risk than non-filter smokers.
For ex-smokers the risk of developing laryngeal cancer 
gradually diminished with time - the most rapid reduction 
occurring during the first 5 years after cessation.
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Association between environmental factors and lung and
laryngeal disease.'
The major incease in mortality from cancer and bronchitis 
that has been demonstrated in various parts of the world during 
the past half-century is consistent with the introduction 
of new aetiological influences into the respiratory environ­
ment early in the twentieth century. Toxic chemicals that 
can affect the tracheobronchial tree are inhaled on many 
occasions. There are those that we deliberately want to 
inhale, such as cigarette smoke; those that we do not want 
to inhale but do so because they are around us, such as 
cigarette smoke; and those such as urban air pollution 
that we can hardly avoid inhaling.
Since lung cancer is such a common disease in the 
general population and cigarette smoking is such a wide­
spread habit, it is difficult to isolate the effects of 
any truly occupational carcinogenic factor, and even more 
difficult to determine whether smoking "interacts" with 
other factors in the environment. It is perhaps surprising 
and unfortunate that many studies of lung cancer among 
specific occupations have been done without collecting much 
information on smoking habits. Despite this several 
occupations have been strongly implicated.
In a study of uranium miners in the U.S.A. (Lundin,
Lloyd, and Smith, 1969) the lung cancer death rate was 
much higher among smokers than non-smokers. These authors 
estimated that smoking uranium miners experienced an excess 
of lung cancer 10 times greater than did non-smoking miners. 
Most of the respiratory cancer deaths occurred 10 or more 
years after the individual first mined uranium.
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Doll, Morgan and Speiyer (1970) demonstrated some 
indirect evidence of possible interactions between 
smoking and occupational exposure to nickel in a refinery.
In workers in the refinery, deaths from lung cancer 
varied from about 5 to 10 times the numbers that would 
have been expected from the corresponding national 
mortality rates, while the deaths from nasal cancer 
varied from about 100-900 times the expected numbers.
Chronic bronchitis is the result of prolonged 
irritation of the bronchial mucosa by surface irritants, 
gaseous and particulate, aggravated by climate; damp cold 
being particularly important (Montgomery, 1965).- In 
1963, a Report to the Scottish Home and Health Department, by 
a committee of enquiry, came to the view that cigarette 
smoking is one of the most important causes of bronchitis, 
atmospheric pollution being the other major factor. In 
many respects chronic bronchitis is a man-made disease 
in that it is a consequence of smoky fog ("smog") 
especially where the air is charged with soot and 
irritant gases such as sulphur dioxide. The startling 
fact is that chronic bronchitis is most uncommon and 
even unknown in countries with a clear atmosphere and 
warm climate (Montgomery, 1965) .
In view of the known presence of carcinogens in 
urban air it has often been assumed that the increased 
mortality is due to air pollution. In most countries of 
the world lung cancer mortality is higher in urban than 
rural areas. Kennaway and Kennaway (1947) concluded 
from studies of the incidence of cancer of the lung and 
larynx that,in England and Wales,the incidences of cancer 
of the lung in both sexes, and of cancer of the larynx in 
men, is higher in urban than in rural districts.
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A serious problem throughout the large cities of the 
world, is pollution of the air by chemical substances which 
are produced during combustion. These chemicals fall into 
two main groups, the first one the sulphur-containing 
substances derived from the burning of coal, and the 
other group, derived from petrol, is composed principally 
of hydrocarbons. In general air pollution does not cause 
spectacular disease and is sometimes regarded with little 
concern. Exceptionally, however, lethal fogs appear and 
cause widespread distress and an increased mortality 
from respiratory diseases. Although fogs of various 
kinds occur in the major cities of the world there is a 
particularly interesting type of "smog" seen in Los Angeles. 
The hydrocarbons and nitrous oxide which are given off are 
at first non-visible, but sunlight changes these sub­
stances so that they become irritant and appear as a fog.
It has been calculated that 1,000 cars release 3.2 tons of 
carbon monoxide; up to 800 pounds of hydrocarbons; and 
about 300 pounds of nitrous oxide.. This enormous potential 
hazard can be exacerbated by thermal inversion which occurs 
when a layer of warm air forms above a trap so that there 
is no escape for the toxic gases into the higher atmosphere.
Asbestos provides one of the most dramatic examples 
of adverse health effects resulting from interaction between 
smoking and an agent used at work. Asbestos workers who 
smoked had 8 times the lung cancer risk of all other 
smokers and 92 times the risk of non-smokers not exposed 
to asbestos (Selikoff, Bader, Bader, Churg and Hammond,
1967; Selikoff, Hammond and Churg, 1968). Several other 
groups of workers have reported an association between 
asbestos exposure and smoking with the development of 
laryngeal carcinoma (Libshitz, Wershba, Atkinson and 
Southard, 1974; Morgan and Shettigara, 1976; Shettigara 
and Morgan, 1975; and Stell and McGill, 1973).
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An unusual example of a link between an environmental 
substance and tobacco smoke in the production of a disease 
is provided by alcohol. A distinct synergistic effect 
between smoking and alcohol consumption has been demon­
strated in human smokers (Wynder and Stellman, 19 79) . In 
fact a typical patient with laryngeal cancer has been 
described by Marks, Putney, Scruggs, Adkins and Wallace 
(19 75) as a 60-year old male who is a heavy cigarette 
smoker and also is a moderate-to-heavy alcohol drinker. 
McMichael (19 78) showed that in both Australia and Britain 
the time trends in sex-specific mortality from laryngeal 
cancer throughout this century show strong correlations 
with alcohol consumption. Thus tobacco constituents may 
initiate the cancer, while alcohol may exert a strong 
co-carcinogenic or cancer-promoting effect. McCoy and Wynder 
(19 79) have recently reviewed the role of alcohol in 
carcinogenesis and presented convincing data for a correlation.
Animal models of smoke toxicity and carcinogenicity
The aim of many laboratory studies of respiratory 
diseases such as cancer and bronchitis has been the 
development of animal models which could duplicate the 
lesions found in man. The value of this type of study is 
that they allow the mechanisms and aetiology of diseases to 
be investigated. The results of research on animals gain 
significance if they are consistent with observations on 
human beings. An agent which is suspected of being 
carcinogenic in man and which induces cancer in the 
experimental model is obviously important and the model system 
enables the mechanism to be studied, to a degree not possible 
at the human level.
Animal model studies investigating potential tobacco 
smoke toxicity or carcinogenicity have been of three basic 
types: skin painting with tobacco condensate; measurement
of cellular activities, such as mucociliary transport; and 
inhalation of smoke itself.
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Experimental tobacco research dates back as far as 
1900 (Brosch, 1900), but the scale has accelerated greatly 
in recent years. The first successful bioassay of a 
suspected carcinogenic substance was reported by Yamagiwa 
and Ichikawa (1916), who applied coal tar to the ears of 
rabbits. Roffo (1931) and Florey (1941) produced cancerous 
lesions and papillomas respectively after topical application 
of distilled tobacco tar, but these studies were criticised 
because distilled tobacco tars are unlike smoking in man. 
Using cigarette smoke condensate Graham, Croninger and 
Wynder (1957) produced malignant tumours on rabbit ears 
and Orriz, Van Duuren, Kosak, Nelson and Schmitt (1958) 
produced similar results with mouse skin painting. The 
application of condensates to mouse dorsal skin has become 
the most used biological test for tobacco carcinogenesis 
(Wynder and Hoffmann, 1969). In its guidelines for the 
testing of tobacco substitutes the Independent Scientific 
Committee on Smoking and Health (1975) required mouse skin 
painting studies to assess carcinogenicity.
A short-term test allied to mouse skin painting is the 
sebaceous gland test in which application of topical 
carcinogens result in loss of sebaceous glands from the 
skin (Wynder and Hoffmann, 1967). However, until more is 
known about the mechanism and reliability of this test 
its significance will remain in doubt.
The response of individual cellular activities has 
been studied in several models. Ballenger, Harding,
Dawson, De Ruyter and Moore (1966) studied the ciliary 
activity of ciliated cell explants in tissue culture. By 
exposing the cell cultures to various components in 
tobacco smoke, it was found that the vapour phase, in 
general was more important than that of the particulate 
phase, in terms of ciliatoxicity. . The activity of the 
cilia has also been studied by Dalhamn and Rylander
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(1966, 1968). Animal tracheal preparations in vivo 
were exposed to puffs of cigarette smoke with a volume 
comparable to the human puff. The ciliary activity was 
observed through a tracheotomy using a microscope with 
incident light, and the number of puffs required to arrest 
all ciliary activity in the area determined.
Models used to study the effect of smoke on the 
mucous transport have also been studied (Kensler and 
Battista, 1963; Battista and Kensler, 1970). These 
workers noted a decreased transportation speed after 
exposure to tobacco smoke. Carson, Goldhamer and 
Carpenter (1966) measured the transport time of carbon 
black and found mucous flow was decreased in animals 
exposed to smoke. In other experiments individual comp­
onents of the tobacco smoke were tested for toxicity. 
Acrolein and hydrogen cyanide were found to have a high 
toxicity in concentrations approximately those in inhaled 
tobacco smoke. Although an effect on the mucous transport 
in the pulmonary tree has not been found consistently in 
human smokers, a decrease in the rates has been observed 
in animal inhalation experiments (Iravani and Melville,
1974).
The ultimate aim of many experiments involving 
cigarette smoke is the production of bronchial or laryngeal 
invasive carcinoma, as this would provide conclusive 
evidence for the association between smoking and cancer.
The initial methodology attempted with this aim was the 
implantation or instillation of tobacco condensates or 
individual components into the tracheo-bronchial tree. 
Rockey, Speer, Thompson, Aker and Hirose (1962) applied 
cigarette smoke condensate to the bronchial epithelium of 
137 dogs, and 19% developed precancerous epithelia or 
invasive carcinoma. Intratracheal instillation of
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benzo(a)pyrene (BaP) induces lung tumours similar to those 
found in human smokers (Saffiotti, 1970). The carcinogenicity 
of BaP in this system is influenced by the rate of its 
elimination from the lung,when adminstered alone it is rapidly 
removed (within 24 hours), but when adsorbed into <lym ferric 
oxide particles it remains in the lung for several days 
(Henry and Kaufman, 1973; Henry, Port, and Kaufman, 1975). 
Diethylnitrosamine, a volatile component of cigarette 
smoke, has been shown to be a potent carcinogen in hamster 
lungs (Montesano and Saffiotti, 1968) as have N^-nitroso- 
nornicotine and N"-nitrosoanabasine (Hilfrich, Hecht and 
Hoffmann,1977), metabolites of nicotine.
In a series of papers describing the effects on rat lung 
of various endotracheally administered materials and 
inhaled tobacco smoke, Davis, Whitehead, Gill, Lee, Butter - 
worth and Roe (1975) produced a few squamous tumours. Using 
a similar technique Schreiber, Nettesheim and Martin (1972) 
readily produced tumours with 3-methylcholanthrene in bronchioles.
The most appropriate method for studying biological 
effects of tobacco smoke in experimental animals is 
necessarily that based on inhalation of whole smoke, thus 
simulating conditions in human smokers. One main principle 
of toxicological experimentation in animals is the use of 
dose levels many times higher than those safely tolerated 
by human subjects. With tobacco smoke, it is difficult to 
do this, since smoke contains compounds of known acute 
toxicity, such as nicotine and carbon monoxide which reduce 
the tolerated dose levels.
In an attempt to simulate chronic bronchitis Lamb and 
Reid (1969) exposed rats to tobacco smoke and found an 
increased number of goblet cells and an extension of sulpho- 
mucin producing cells to the periphery of the bronchial 
tree. Iravani and Melville (1974) investigated the long
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term (300 days) effect of cigarette smoke on mucociliary 
function, and found mucociliary abnormalities including 
zones of ciliary inactivity, disturbance of the coordination 
of ciliary movement, impaired mucus production and altered 
rheological characteristics of the mucus. A mucus flow 
which moves more slowly will allow inhaled particles which are 
in the mucus to remain in contact with a certain part of 
the underlying epithelium for a prolonged period of time.
In this connection it is of importance to remember that it 
is not necessarily the agent initially decreasing the mucus 
flow which later exerts the toxic or carcinogenic effect 
on the epithelium.
Early attempts to induce lung tumours, in animals 
exposed to cigarette smoke by inhalation, were not very 
successful. Leuchenberger and Leuchenberger (1970) 
exposed mice to tobacco smoke and reported an increased 
incidence of adenomas and adenocarcinomas. However, prior 
to this Pike and Roe (1967) had criticised this type of 
study on the grounds that the mice strains used had a high 
"spontaneous" disease. Another factor which must be 
remembered is that the vast majority of human lung cancers 
are of a squamous type and therefore not comparable with 
adenomatous neoplasms.
Inhalation studies with cigarette smoke, with the aim 
of demonstrating carcinogenicity in small laboratory 
animals, have been handicapped by: the defensive character­
istics of their nasal passages (Wynder, Taguchie and Bader, 
1968); the fact that they hold their breath during exposure 
(Rucker and Dontenwill, 1967); the use of inadequate and 
inefficient machines for the generation of smoke; and 
problems of nicotine and carbon monoxide toxicity affecting 
dose levels. However, some rodents are able to tolerate 
higher concentrations of cigarette smoke than others and
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Dontenwill (1970) first demonstrated the production of 
premalignant changes and malignant tumours in the larynges of 
Syrian hamsters. This success was attributed by Dontenwill 
to the hamsters1 ability to tolerate higher nicotine doses 
than other species. Since this original work other groups of 
workers have succeeded in producing neoplastic laryngeal 
lesions in hamsters exposed to smoke (Bernfeld, Homburger 
and Russfield, 1974; Karbe and Koester, 19 74; Kobayashi, 
Hoffmann and Wynder, 1974; and Homburger, 1975). Thus, the 
hamster larynx has been widely used in recent years as a bio­
assay for the tumorigenicity of cigarette smokes, and a 
susceptible inbred line of Syrian hamsters has recently been 
suggested as an animal model of the human condition (Homburger, 
Soto, Althoff, Dalquen and Heitz, 1979).
The use of electron microscopy in pathology
Ultrastructural studies of normal respiratory tract have 
been confined to the trachea, bronchus and bronchioles, in 
a variety of species, including rat (Rhodin and Dalhamn, 1956; 
Jeffery and Reid, 1975); mouse (Hansell and Moretti, 1969); 
pig (Baskerville, 19 70); and fowl (Purcell, 19 71).
The use of electron microscopy in the investigation of the 
effects of inhaled materials on the respiratory, tract of 
laboratory animals have also been confined to the lower 
airways. Konradova (1968, a,b) used aerosols of iron and 
silver and reported loss of cilia, apical cytoplasmic 
protrusions, intracellular vacuolation and mitochondrial 
swelling. Dahlgren, Dalen and Dalhamn (1972) found similar 
changes following the administration of a 5% acrolein aerosol. 
Similarly Mass and Lane (19 76) found mitochondrial swelling, 
dilatation of the endoplasmic reticulum, cell membrane 
perforations and loss of cilia after inhalation of chromates. 
Using SO 2  Asmundsson, Kilburn and McKenzie (1973) found loss
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of cilia, cytoplasmic vacuolation during the early stages 
and squamous metaplasia later. From these acute studies it 
can be seen that the reaction of ciliated cells to injury, 
by a variety of substances, is similar. In a 44 - 420 day 
ultrastructural study of tobacco smoke exposed animals,
Frasca, Auerbach, Parks and Jamieson (196 8) also found loss 
of cilia and Reznik-Schuller, Reznik and Mohr (19 75) found 
an increased number of lysosomes and multivesicular bodies
II
after.one year of smoke exposure. Reznik-Schuller (1975) 
reported ciliary alterations after smoke or benzo (a) pyrene 
administration, similar to those described by Ailsby and 
Ghadially (19 73) in heavy human smokers. Thus in both acute 
and chronic studies, cilial damage appears as a common 
finding.
The investigation of ultrastructural lesions in pathological 
changes is a relatively recent development. The detection 
of intercellular changes gives an insight into the possible 
effects on cell function(s) , and in some instances-offers 
possible reasons for the development of lesions and 
explanations of their behaviour. Ultrastructural investig­
ations of pathological changes may be divided into two groups: 
firstly those which look at established, well defined changes; 
and secondly, those which investigate the early changes 
responsible.
Cellular and subcellular alterations constitute the basis 
of all disease processes (Trump and Arstila, 1975). This has 
allowed a new concept of disease, as it is possible to speak 
of diseases as primarily affecting mitochondria, lysosomes 
or the cell membrane. In this context Ghadially (1975) has 
produced a comprehensive description of the ultrastructural 
changes in a wide variety of pathological lesions.
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The use of histochemistry in pathology
The origin of histochemistry is generally considered to 
be due to the work of the French pharmacist, botanist and 
microscopist Francois Raspail (1794-1878). He first 
developed the use of iodine for the microscopic study of 
starch grains, and in 1829 used the xanthoproteic reaction 
for protein.
The demonstration of the presence of enzyme activity 
in tissues began with the work of Klebs (186 8) who showed 
that tincture of guaiac gave a blue colour with pus, thus 
demonstrating peroxidase activity. Cytochrome oxidase was 
first demonstrated by Ehrlich (1885), who performed the 
'Nadi1 reaction in vivo by injecting cc -naphthol and 
p -phenylenediamine into animals, and observed the formation 
of indophenol blue at sites where 'Nadi oxidase1 was present.
A significant step was the independent publication by 
Gomori and Takamatsu,in 1939, of a heavy metal precipitation 
technique for phosphatases. The first simultaneous coupling, 
azo dye method for alkaline phosphatase was developed in 
19 44 by Menton, Junge and Green.
In 19 69, Dixon stated that a knowledge of histochemistry 
was rapidly becoming an essential requirement for pathologists 
as an appreciation of the locations of molecules within cells 
and tissues must be known with precision to obtain a 
realistic concept of what is happening in health and disease. 
Salthouse (1976) considered that the application of 
histochemistry enabled a functional approach to histology 
and pathology, and Sobel (1968 ) recommended a package of 
histochemical techniques, which enable the ultrastructural 
and biochemical investigation of tissue alterations, with 
the light microscope.
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The great advantage of histochemistry over conventional 
biochemical techniques is its ability to relate activity to 
histology (Altman, 1975). As an insoluble product is 
precipitated at the site of the reaction, it is 
possible to visualise components of single cells or groups 
of cells, even when they are part of a heterogenous tissue.
With biochemical techniques the large volume of muscle in 
the larynx would be expected to 'mask' any effect on the 
epithelium.
The use of scanning microdensitometry enables the major 
critism of histochemistry, i.e. the absence of quantitative 
data in comparison to biochemical techniques, to be overcome.
It allows quantitative measurement of the amount of reaction 
product (staining) in cases where a treatment related effect 
or pathologic change is suspected, but cannot be comprehensively 
demonstrated or proved by qualitative assessment. The dangers 
of qualitative assessment of staining intensity was stressed 
by Sobel (19 68) with reference to changes in skin colour in 
some lower forms of animals. The same organism may appear 
black or practically white depending on the state of expansion 
or contraction of its chromatophores, although the amount of 
pigment per unit area is unchanged.
In recent years microdensitometric quantification in 
histochemistry has received increased attention. Several 
publications have reported its application (Barry, 19 72;
Altman, 19 76a,b,c; Altman, 19 78; Pearse and Marks, 1978; and 
Tyas, 19 78). Microdensitometric measurement of reaction 
products present in histochemical preparations depends on 
the interaction between photons, at specific wave lengths, 
and the chromophore responsible for the colour. The inter­
action results in a loss of energy or absorption of the light 
travelling through the section. The absorbence of this light 
is proportional to the amount of chromophore in the section 
through which it has passed and is measured by recording the 
light intensity with a photomutiplier. Scanning microdensitometry
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overcomes the problem of measuring heterogeneously distributed 
reaction product (distribution error) by measuring small 
portions of the tissue in which there is homogeneous 
distribution and integrating the results from each portion.
A specialised form of histochemistry is the use of a 
variety of compounds as tracers to assess permeability, 
absorption and reabsorption by tissues. The compounds 
employed are either visible with light and/or electron- 
microscopy or may subsequently be stained. This technique 
gives valuable information concerning physiological 
mechanisms and pathological alterations.
Aims of the present study
Despite previous reports of carcinoma in situ and 
invasive carcinoma in hamster larynges, after exposure to 
tobacco smoke, little work had been performed on the rat 
larynx at the start of this thesis. In two published 
studies, in which rats were exposed to tobacco smoke, no 
effect was reported in the larynx (Haag, Larson and Weatherby, 
1960; Davis, Whitehead, Gill, Lee, Butterworth and Roe, 1975).
An extensive literature search revealed only a few 
reports on the normal rat larynx: Walander (1950), described 
its prenatal development; Andrew (1954), proprioception in 
the epiglottis; Kataoka (1971), the distribution of 
peroxidase activity in the submucosal glands; Ewen, Bursolati 
and Pearse (1972), the uptake of L-Dopa by endocrine-like 
cells; and Leibich (1975) the 3-D relationship of the 
cartilages. No ultrastructural studies were traced.
In the present thesis the rat larynx was initially 
investigated in terms of its anatomy, histology, ultrastructure
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and mitotic indices. The aim of this work was to establish 
the normal appearances and characteristics of the lining 
epithelia, to enable induced pathological changes to be 
recognised. The effect of acute and chronic tobacco smoke 
exposures on these parameters were then investigated with the 
aim of enabling the rat larynx to be used as a model for 
human smokers and to enable the health risk of tobacco 
substitutes to be accurately assessed. Subsequently, a series 
of experiments were performed to investigate the mechanisms 
by which tobacco smoke induced changes within the 
epithelia.
Throughout these studies a variety of investigative 
procedures were utilised, including conventional light 
microscopy, transmission electron microscopy, scanning electron 
microscopy, and histochemistry.
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CHAPTER 2
MATERIALS AND METHODS
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In this chapter details of the materials used and 
methods- employed in the experiments performed in this thesis 
are given. Details of experimental design are not included 
here, but described in the appropriate chapter.
ANIMALS
Throughout this work albino hysterectomy-derived SPF 
(specific pathogen free) rats of the CFHB Wistar strain 
(Anglia Laboratory Animals, Huntingdon) were used.
Immediately on arrival of a group of rats? five animals 
were killed and the lungs, trachea and larynges examined 
histologically to assess the degree of chronic inflammatory 
cell infiltration and therefore the suitability of the rats 
for experimentation.
In studies which involved in vitro work the rats were 
sacrificed immediately after delivery. In studies which 
required animals to be maintained for a period of time they 
were kept under strict barrier conditions, unless other­
wise stated. The barrier building was adjacent to the 
breeding centre and the animals were transferred into new 
autoclaved, wire-bottomed cages whilst still in the 
breeding centre. Each cage was enclosed in a sterile 
polythene bag and transferred to the experimental building, 
which they entered through a sterilizing tank. Once in the
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barriered building the seal of the polythene bag was 
broken and the cage of animals removed. No rat was within 
a polythene bag for longer than 5 minutes. The environ­
mental conditions were strictly controlled; temperature 
maintained at 22 + 4°C and relative humidity at 55% £l5).
All air entering the barrier building was drawn through an 
absolute filter.
All personnel entering the barrier facility passed 
through a shower and wore a complete change of clothes 
whenever they entered an animal room. Caps and overshoes 
were also worn.
All rats were fed with "Autoclaved Small Animal Diet" 
(Grain Harvesters Limited, Wingham, Kent) . Water and food 
were available at all times, except during any treatment.
LIGHT MICROSCOPY
The animals were sacrified by an intraperitoneal 
injection of sodium pentobarbitone (Nembutal, Abbott Labs.). 
After macroscopic examination the tongue, pharynx, larynx 
and anterior trachea were removed in toto and fixed in 
10% neutral buffered formalin. A small volume of fixative 
was "flushed" gently through the trachea and larynx to remove 
any post-mortem blood and to prevent the formation of air 
bubbles.
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After fixation for a variable period of time (one week 
- approximately one month) the larynx was carefully dissected 
free from the pharynx and tongue. The larynges were 
dehydrated in alcohol, cleared in toluene and embedded in 
paraffin wax (m.p.56°C)with the cranial end downwards.
The blocks were sectioned transversely at Sfun. Sections 
were taken at intervals to include: the tip of the epi­
glottis; mid-epiglottis; basal epiglottis; at the level 
of the arytenoid cartilages: vocal folds, and laryngo­
tracheal junction (i.e. at levels A:,B,C,D;see Chapter 3) . With 
practice these areas were able to be identified in the wax 
block, and usually a total of 15 sections were taken per 
larynx.
TRANSMISSION ELECTRON MICROSCOPY
The post-mortem procedures were identical with those 
previously described for light microscopy. The larynges 
were fixed in 4% cacodylate buffered glutaraldehyde (Emscope 
Laboratories, London) at 4°C, for 2-4 hours. After 
fixation, the larynges were cut up into transverse levels: 
commencing at the epiglottis, s= 2 mm transverse slices were 
cut with a razor blade. The samples were then washed in 
several changes of buffer (sometimes overnight) and post­
fixed in 1% cacodylate buffered osmium tetroxide (Johnson- 
Mathey Limited, Royston, U.K.) for 2 hours. After washing
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in buffer and dehydration in alcohol the tissues were 
embedded in Epon 812 (Emscope Labs., London). One micron 
survey sections were cut, stained with 1% toluidine blue 
and examined with the light microscope. Silver/gold 
ultrathin sections were cut from selected areas, mounted 
on 200 mesh copper grids and stained with uranyl acetate 
and/or lead citrate. The sections were examined with a 
Philips EM 300 at 60 or 80 kV.
SCANNING ELECTRON MICROSCOPY
The larynges were immersed in 4% cacodylate buffered 
glutaraldehyde, pH 7.3, at 4°C.
After thorough washing in cacodylate buffer (at 4°C) 
the whole larynges were post-fixed in 2 changes of 1% 
osmium tetroxide in cacodylate buffer, for 4 hours. The 
samples were washed in buffer and dehydrated in ascending 
grades of acetone. They were then dried in a Polaron 
Critical Point Dryer. Most of the larynges were sectioned 
in the coronal plane, but some were sectioned sagittally. 
The specimens were mounted onto aluminium stubs and sput­
tered with a 400 - 500°A coat of gold and were stored in a 
desicator until examined in a Cambridge Steroscan 600, at 
15 kV.
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PHOTOGRAPHY
Light microscopy:
Black and white photomicrographs were 
taken using Kodak Panatomic X, 35mm film.
Colour photomicrographs were recorded 
on Agfa 50L, 35mm transparency film.
Transmission electron microscopy :
Electron micrographs were produced from 
Kodak fine grain, positive, 35mm film.
Scanning electron microscopy:
Photographs were recorded on Ilford
FP4, 35mm film.
MEASUREMENT OF MITOTIC INDICES
The rats used were from the control and tobacco smoke 
exposed groups of the experiment described in Chapters 3&4 to 
assess the effect of tobacco smoke exposure on mitotic indices. 
After delivery the rats were maintained under strict barriered 
conditions for a two-week acclimatization period, after which 
time rats were given intraperitoneal injections of o .1 mg per 
lOOg bodyweight of colchicine (Sigma Chemical Company,London) 
in sterile isotonic saline. The injections commenced at 10.00 
a.m. and the exact time at which each rat was dosed7 recorded. In 
addition, one rat per sacrifice was given an intraperitoneal
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injection of isotonic saline as a vehicle control. Exactly 
four hours after the injection each rat was killed by an 
intraperitoneal injection of sodium pentobarbitone.
The tongue, pharynx, larynx and trachea were removed 
en masse and the larynx carefully dissected free, and fixed 
in 4 per cent glutaraldehyde in 0.1 M cacodylate buffer, pH
7.3, at 4°C, for 3 hours. The larynges were then cut trans­
versely into 1 mm rings, washed in buffer and post-fixed in 
1 per cent osmium tetroxide. After dehydration in ascending 
concentrations of alcohol the rings were embedded in epon. 
Three, one micron sections, at 20 pm intervals, were taken 
from each block, stained with 1 per cent toluidine blue and 
examined with a light microscope.
TOBACCO SMOKE EXPOSURE
In all experiments recorded in this work involving 
tobacco smoke the treated animals were exposed to fresh 
diluted cigarette smoke in a Mark IV HRC rodent smoking 
machine (Figure 1).
Twenty-four cigarettes were inserted into holders in a 
carousel, each cigarette was automatically presented in turn 
to an entry port and 35 ml. volumes of air drawn through the 
cigarette, producing smoke which immediately entered one of 
the two piston chambers. One piston subsequently discharged
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smoke to the atmosphere, whilst the other discharged it 
directly into the exposure chamber, mixed with 500 ml. diluent 
air.
The cylindrical exposure chamber had a volume of 300ml. 
The smoke entered this chamber as a strong jet which ensured 
rapid mixing. In the circumference of the exposure chamber were 
holes|with locking devices, to which were attached the 10 rat
restraining tubes;the rats were held in the tubes so that only
their snouts projected into the exposure chamber.
The carousel revolved so that all 24 lit cigaretts were 
presented in turn to the entry port, and one puff taken from 
each cigarette-. As the cigarette burned down its length, an 
operator observed progress and removed the cigarette when the 
ash level reached the specified butt length of 21 + 2mm.
Each carousel gave an approximate 10-minute smoke exposure 
and provided a convenient basal exposure period. By varying 
the number of carousels per day to which the r&ts were exposed 
different dose levels were achieved.
Throughout the work reported in this thesis two dose 
groups were usually employed:
(i) Low dose - 1 x 10 minute smoke exposure/day
(ii) High dose -4 x 10 minute smoke exposures/day
In the high dose the smoke exposures were spaced as
evenly as possible throughout an 8-hour period.
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F i gure 1
HRC Rodent Smoking Machine
Exposure chamber (E), rat restraining rube (T), 
cigarette carousel (C)
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Animals in the test groups were exposed to smoke from a 
standard research filter cigarette composed of flue-cured 
tobacco which had a tar yield of 12 mg/cigarette.
A cam mechanism enabled the smoking machine to be adjusted 
to deliver final nominal smoke concentrations (usually between 
1% and 6%,v/v).
In order to enable rats to become used to tube restraint 
and relatively high smoke concentrations they were allowed two 
weeks' tube adaptation and then subjected to four weeks in 
which the smoke concentration was gradually raised from 2% 
to 6% v/v. The experimental duration quoted throughout this 
work refers to the time for which the rats were exposed to 
any smoke concentration.
In most studies involving cigarette smoke exposure, in 
addition to untreated controls, a tube or machine control group 
was also included in the experimental design. The rats in 
this group were placed in restraining tubes for an equivalent 
time period to high dose level groups, but the tubes were not 
connected to smoking machines and the rats not exposed to 
cigarette smoke.
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PREPARATION OF TISSUES FOR HISTOCHEMICAL PROCEDURES
The larynges were dissected out immediately after death 
and quenched in hexane, pre-cooled to -75°C., in a cardice- 
acetone mixture. The frozen tissues were placed on a block 
of cardice, the hexane allowed to evaporate, wrapped in 
aluminium foil and stored at -30°C. in airtight containers 
to prevent dehydration. When required the larynges were 
mounted on cryostat tissue holders for sectioning. Care was 
taken to avoid the tissues thawing out at this point.
Unless otherwise stated 8jLim sections were cut in a 
Bright*s cryostat and picked up on round coverslips and air 
dried at 4°c.
HISTOCHEMICAL DEMONSTRATION OF REDUCED GLUTATHIONE
The method is based on the ability of the chloromercuric 
grouping of mercury orange to react with tissue sulphydryls. 
The specificity of reaction for GSH, due to short staining 
period, was established by Asghar, Reddy and Krishna (19 75).
Two, eight-micron sections were cut from each larynx 
(the test and control animals were randomised to avoid any 
effects due to variation in section thickness). The sections 
were immersed in the staining solution immediately and each 
section stained for exactly five minutes. The staining 
solution contained 50jnM mercury orange in toluene. After 
rinsing in toluene the sections were mounted in PVP.
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HISTOCHEMICAL DEMONSTRATION OF GLUCOSE-6-PHOSPHATE
DEHYDROGENASE ACTIVITY
The method used was a modification of that described 
by Chayen, Bitensky and Butcher (1973).
Frozen blocks of tissue were prepared, as previously 
described.
Eight pm frozen sections were air-dried, at 4°C, and 
then incubated in the following medium for 40 mins.? at 37°C: 
Stock solution 9ml.
G-6-P.* (0.28g/ml). 1ml.
NADP* 20mg.
(NADP:Nicotinamide adenine dinucleotide phosphate).
After incubation the sections were rinsed in distilled 
water and mounted in 90% aqueous polyvinyl pyrolidone (PVP).
Stock solution:
Nitro-blue tetrazolium* (4mg/ml) 25ml.
Tris buffer, pH 7.4 25ml.
M g C ^  (0.005M) 1ml.
Distilled water 30ml.
P.V.P. 18ml.
*Sigma Chemical Co. London
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Method control sections were incubated in a medium minus 
G-6-P.
HISTOCHEMICAL DEMONSTRATION OF Mg2+-ACTIVATED ATP-ase
This method (Chayen, Bitensky and Butcher;19 73) is 
based on the capture of the phosphate released from ATP by 
the ATP'ase. This lead phosphate is then converted to the 
visible lead sulphide by ammonium sulphide.
Frozen sections were incubated in the following medium 
for 2 hours,at 37°C:
ATP* (Na salt) 25mg: in 20ml. distilled water
0.2M Tris buffer, pH7.2;20ml.
2% lead nitrate 3ml.
0.25% magnesium sulphate 5ml.
Dinitrophenol* 2ml.
(ATP: Adenosine triphosphate)..
After washing in running tap water the sections were 
treated with 0.5% ammonium sulphide for 1 minute, washed in 
running tap water and mounted in PVP.
Method control sections were incubated in the above
-3
medium plus 2.5 x 10 M p-chloromercuribenzoate.*
*Sigma Chemical Co., London
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HISTOCHEMICAL DEMONSTRATION OF Ca2+-ACTIVATED ATP-ase
The method described by Chayen , Bitensky and Butcher 
(1973) was used, and is based on the trapping of the released 
phosphate by calcium which is subsequently replaced by cobalt.
Frozen sections were preincubated for 5 mins. at 37°C 
in 1% calcium chloride.
The sections were then incubated in the following 
freshly prepared medium, for 20 mins., at 37°C.:
0.1M sodium barbiturate solution 10ml.
ATP * 7 6mg.
2.4, Dinitrophenol* 30mg.
Calcium Chloride (10. 5g C a C ^  • 2^0/1001111) 5ml.
Distilled Water 35ml.
Method control sections were incubated in the above medium
-3
plus 2.5 x 10 Mp-chloromercuribenzoate*.
The sections were then washed (x3) in 1% C a C ^  and then in 
1% cobalt nitrate ( 3 x 2  mins). After washing in distilled 
water the sections were rinsed in 0.5% ammonium sulphide for 
1 minute. The sections were washed in distilled water and 
mounted in PVP.
*Sigma Chemical Co., London
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HISTOCHEMICAL DEMONSTRATION OF Na+K+ ACTIVATED ATP-ase
The method introduced by Ernst (1975) was used and is 
based on the capture of the phosphate released by enzyme action, 
with strontium.
Eight pm frozen sections were incubated for 30 mins., at 
30°C in the following medium:
disodium ^-nitrophenylphosphate 5mM.
M g C ^  20mM.
KC1 lOmM.
S r C ^  5mM.
Tris-HCi buffer, pH9.0 2 5GmM.
After incubation, the sections were rinsed with 0.1 M 
Tris buffer and then in 2% PbfNO^^* This converted the 
strontium phosphate to lead phosphate. Subsequent treatment 
with 1% ammonium sulphide converted the lead phosphate to 
lead sulphide which is visible with .the light microscope.
Method control sections were incubated in the above 
medium plus lOmM ouabain.*
* Sigma Chemical Co. London
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HISTOCHEMICAL DEMONSTRATION OF LIPID PEROXIDES (I)
The method of Glavind, Granados, Hartmann and Dam (1949), 
as described by Pearse (1972) was used. The method is based 
on the oxidation of leucodichloro-phenol-indophenol by lipid 
peroxides to give a red colour. The reaction is catalysed by 
haemin. Pearse regarded the specificity of the method as high.
Frozen sections were air dried at 4°C. and placed in a 
mixture of 0.74ml solution A and 8.5ml solution B for 5 mins.
Solution A:
40mg. haemin
10ml. pyridine
20ml. glacial acetic acid
Solution B:
2:6-dichorophenolindophenol was reduced, with the 
equivalent of ascorbic acid in 50% alcohol, to leuco- 3:5 
dichloro- 4 : 4 1 -dihydr.oxy-phenylamine. This was precipitated 
with NaCl and purified by repeated solution in alcohol and 
precipitation with water. Immediately before use, 25mg. of 
the leuco compound was dissolved in 3.5ml absolute alcohol 
and 5ml distilled water added.
After washing in distilled water the sections were mounted 
in P.V.P.
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HISTOCHEMICAL DEMONSTRATION OF LIPID PEROXIDES (II)
The method of Feigl (1954) as described by Pearse (1972) 
was used. Pearse considered the method to be quite sensitive, 
but the greenish-blue product was diffusible and thus the local­
isation poor.
Fifteen pm frozen sections were freshly prepared and a 
few drops of solution A placed on the section. The sections 
were then examined under the microscope.
Solution A:
Immediately before use lOOmg of 2.7-diaminofluorene* 
and 5mg. haemin were dissolved in 5ml acetic acid.
MICRODENSITOMETRIC QUANTIFICATION OF HISTOCHEMICAL METHODS
The principles of microdensitometry have been explained in 
Chapter 1.
The amount of reaction product from the histochemical 
reactions was measured with a Vickers M85 scanning and integrating 
microdensitometer (Vickers Ltd, York, U.K.). Ten measurements 
were made in each region (consecutive fields whenever possible) 
using a X40 objective and spot size number 2. The integrated
*Sigma Chemical Co., London
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density was measured by placing a rectangular mask (measuring 
frame) of constant size, over the epithelium (avoiding the 
lumen and lamina propria). Before each measurement the scanning 
spot was positioned over an unstained area of the section and the 
density meter set at zero. The setting of this basal level 
of detection enabled the integrated density of all areas above 
this level to be measured.
The optimum wavelengths used to measure the various 
reaction products were determined by measuring a specified, 
typical area of a section, from each method, at a range of 
wavelengths from 400-700nm. From these results absorption curves 
were drawn and the peak absorption determined:
MAX. ABSORPTION METHOD COMPARISON WITH 
LITERATURE
475 nm. Reduced glutathione 484 nm (Bahr, 1966)
580nm. Glucose-6-phosphate 
dehydrogenase
570 nm (Tyas 1978)
585 nm (Altman, 1978)
4-95 nm. ATP-ase 510 nm. (Pearse and
Marks, 1978)
In order to demonstrate that the reactions used to 
demonstrate the enzyme activities (and reduced glutathione) 
were suitable for quantification i.e. that microdensitometry was
-55-
a valid means of measuring the amount of reaction product, 
reaction linearity was studied. This was achieved by incubating 
four control sections for each method, for variable periods of 
time (two longer and two shorter than the recomended incubation 
period). These sections were then measured, the data plotted 
graphically (density against incubation time) and analysed for 
linearity. In all cases a linear response was obtained, for 
incubation up to the recommended period, and the methods were 
thus considered suitable for quantification. In the case of 
reduced glutathione, in which the reaction specificity decreases 
with incubation times over 5 mins. (Asghar, Reddy and Krishna;
1975) reaction linearity was only studied up to 5 mins.
IN VIVO ADMINISTRATION OF HORSERADISH PEROXIDASE
After being anaesthetised with etorphine hydrochloride 
(small animal Immobilon; Reckitt & Colman, Hull), the skin was 
opened along the ventral surface, the submaxillary salivary glands 
and the cervical lymph nodes were separated and a longitudinal 
incision made in the musculature to expose the trachea. During 
these stages, care was taken not to cut any blood vessels. The 
trachea was severed midway along its length and a pair of artery 
forceps attached (not closing the lumen) to prevent the lower 
trachea retracting into the thoracic cavity. The cranial end of 
the dissecting board was then raised to about 45°, the rat being 
held in position by a cord attached to its incisors. A plastic
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cannula, attached to a 5ml syringe, was then inserted cranially 
into the tracheal lumen and held in position with a ligature 
tied tightly around the trachea. Over—a period .of 5 minutes 
150 mg of horseradish peroxidase CHRP, Sigma, Type II) in 4 ml. 
of 0.9% saline was injected towards the larynx, the excess fluid 
was allowed to escape via the nares. At the end of the 5 minute 
period the rat was killed and the larynx flushed through with 
cacodylate buffer followed by 4% buffered glutaraldehyde, 
dissected out and fixed for 3 hours, at 4°C. After washing in 
cacodylate buffer overnight, the larynges were frozen in 
hexane pre-cooled to -75°C with cardice acetone and sectioned 
at 40 pm in a Brights1 cryostat. The sections were incubated 
at room temperature for 10 minutes to demonstrate peroxidase 
activity (Graham and Karnvosky,1966) in the following medium:-
3.31 - diaminobenzidine tetra HC1* 2.5mg.
0.05M Tris-HCl buffer, pH 7.6 4.5ml.
0.1% H2°2* prepared) 0.5ml.
After three rinses in distilled water, the tissues were 
fixed in 1% osmium tetroxide for 2 hours,dehydrated and embedded 
in e'.pon. Sections were examined with the light and electron 
microscopes.
N B . Diaminobenzidine is probably carcinogenic and great 
care was taken with its use.
*Sigma Chemical Co., London
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IN VITRO ADMINISTRATION OF HORSERADISH PEROXIDASE
The rats were anaesthetised with sodium pentobarbitone 
and the larynx, tongue and trachea removed in toto. After 
separation from the tongue, the larynx and trachea were washed 
and placed immediately into petri-dishes.of Eagle’s medium 
(Flow Labs., Irvine, Scotland), at 37°C, containing 60mg/10ml 
horseradish peroxidase (HRP) for 5 minutes.
After this period for all in vitro studies the larynges 
werer-processed as previously described for the in vivo method.
IN VITRO ADMINISTRATION OF EDTA, CYTOCHALASIN, COLCHICINE,
DIETHYL MALEATE, PIAMIDE, HISTAMINE AND COMPOUND 48/80
Except where stated all compounds were obtained from 
Sigma Chemical Co., London.
Cytochalasin-D was stored as a 200-fold concentrated 
solution in DMSO, at 4°C. The control medium of this experiment 
also contained 0.5% DMSO.
Diethyl maleate (B.D.H., Poole, U.K.) was used as a 
solution in arachis oil. Control larynges contained an equivalent 
amount of arachis oil. Only glass syringes etc. were used with 
this compound.
All media were freshly prepared, i.e. immediately before 
administration.
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CHAPTER 3
THE ANATOMY, HISTOLOGY, ULTRASTRUCTURE, AND 
MITOTIC INDICES OF THE NORMAL RAT LARYNX
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PART 1. ANATOMY
INTRODUCTION
In order subsequently to investigate the histological 
and ultrastructural features of the larynx, it was first 
necessary to become familiar with the anatomical character­
istics. Only a few reports were traced in the literature 
(Walander, 1950; Andrew, 1954; Leibich, 1975; and 
Smith, 1977) and these were incomplete and in some instances 
found to be contradictory. Therefore, a small study of the 
rat laryngeal anatomy was performed.
EXPERIMENTAL PROCEDURE
The larynges of seven rats were fixed in 10% neutral 
buffered formalin for 1 week. After fixation the larynges 
were embedded in paraffin wax, sectioned at 5 \im and stained 
with haematoxylin and eosin.
Five of the larynges were embedded transversely and four 
step-sectioned (every 5th) while .the fifth 'was 
serial-sectioned. Two other larynges were embedded longi­
tudinally, one in the coronal the other in the sagittal 
plane, and step-sectioned.
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All sections from one transverse and the sagittally 
and coronally sectioned larynges were photographed with a 
XI objective and prints prepared at a constant enlargement. 
Diagrammatic representations were prepared by tracing from 
the photographs.
The larynx from an eighth rat was fixed in toto, with 
fixative instilled via the lower trachea and immersion of 
the head. After fixation the head and neck were cut 
sagittally, with a bandsaw, along the midline. One half of 
the skull was decalcified, embedded and sectioned giving a 
sagittal section through the head.
RESULTS
The larynx linked the pharynx with the trachea, and 
thus formed a continuous airway (Diagram 1). It was shaped 
like a hollow, elongated, bilaterally symmetrical tube, in 
the walls of which were cartilages, striated muscles and a 
mucous membrane with glands. Several cartilages composed 
the major framework of the larynx; of these the thyroid, 
cricoid and epiglottis were single, while the arytenoids 
were paired. In addition, a small "U!I-shaped cartilage was 
present. For convenience the larynx was divided into four 
levels: A - D,with sublevels designated numerically 
(Diagrams 2 - 21).
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Cranially the laryngeal vestibule was roughly round 
in shape and bordered; ventrally by the epiglottis, 
laterally by the ary-epiglottic folds and dorsally by 
the cranial end of the arytenoid cartilages (corniculate 
processes). The epiglottis, which was triangular 
in shape with a straight base and long curved apex, 
extended from its basal articulation with the inner 
surface of the thyroid cartilage cranially to the palate.
A pair of lateral wings from the epiglottis passed along 
the ary-epiglottic folds, which in turn joined the dorsal 
aspects of the arytenoid cartilages.
The bracelet~shaped thyroid cartilage enclosed the 
other laryngeal cartilages laterally and ventrally. Its 
lateral aspect was elongated at both ends to form superior 
and inferior horns. A pair of short projections arose 
from the ventral aspect of the thyroid cartilage close to 
its articulation with the epiglottis and passed laterally 
almost parallel with the ventral mucosa. The shape of the 
laryngeal lumen at this level was determined by the 
position of the arytenoid cartilages which projected into 
the lumen. When the arytenoids were wide apart a large 
lumen was produced but when the arytenoids were parallel 
and close together the lumen was narrow and restricted.
At the level of the arytenoid cartilages a pouch-like 
extension of the laryngeal lumen was found in the ventral 
wall. The entrance of this pouch was maintained by a free, 
11 u"-shaped cartilage.
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The muscular processes of the. nV"-shaped arytenoid 
cartilages articulated with the cranial surface of the 
dorsal cricoid cartilage. Two additional pairs of 
processes projected from the arytenoid cartilages; the 
corniculate, cranially; and the vocal, caudally. The vocal 
folds projected ventrally from the vocal processes !of the 
arytenoid cartilages towards the midline of the thyroid 
cartilage (in the caudal region of the ventral pouch). The 
laryngeal lumen at this level was diamond shaped.
Below the vocal folds the rounded shape of the lower 
laryngeal lumen was maintained by the cricoid cartilage 
which articulated with the inferior horn of the thyroid 
cartilage.
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Diagrams 2-15. Transverse sections of larynx. 
(Cranial — » Caudal) .
Thyroid carti lage
Epiglottis
Diagram 2 Level A1
Pharynx
Diagram 3 Level A2
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Diagram 7 . Level B1
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Diagram 8 Level B2
8
Arytenoid cartilage
U"-shaped cartilage
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Diagram 9 . Level B3
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Diagram 20.
Three-dimensional representation of laryngeal 
cartilages (After Liebich, 1975).
Palate
Tongue
Ary-epiglottic fold
Epiglottis
shaped cartilage
Arytenoid cartilage
Vocal fold
Thyroid carti lage
> Diagram 21
Diagrammatic representation of laryngeal cartilages and ligaments (After Andrew, 1954)
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PART 2. HISTOLOGY
INTRODUCTION
At the commencement of this thesis no papers describing 
rat laryngeal histology could be traced. Therefore, the 
histological appearance was determined in order that any 
effects,produced in subsequent studies involving tobacco 
smoke exposure,could be readily appreciated and interpreted.
EXPERIMENTAL PROCEDURE
The transverse sections of rat larynges,prepared to 
determine the anatomy, were utilised to record the distrib­
ution of epithelial types. Each type was recorded on a 
series of drawings.
RESULTS
There were three main types of epithelia lining the 
larynx; stratified squamous, pseudostratified ciliated 
(respiratory) and cuboidal. The distribution of these types 
is most easily described and understood by reference to 
transverse levels of the larynx (Diagrams 22-35) and the 
major anatomical features at each level. Although the sections 
in this work were from paraffin embedded tissues, some micro­
graphs of 1 jLim sections, from subsequent ultrastructural 
studies, are included as they reveal greater detail. The 
histology is described by reference to the levels defined in 
Part 1 of this chapter.
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Level A
The cranial region of the epiglottis was covered 
with a stratified squamous epithelium approximately 
four cell layers thick. Occasional taste buds 
were found within the epithelium.
In the caudal half of the epiglottis the epithelial 
type varied:
(i) Ventral
The epithelium of the narrow zone along the 
mid-line was of a stratified squamous type 
(Figure 2). Taste buds were occasionally 
seen.
(ii) Ventro-lateral
In this region the epithelium was of a ciliated 
(respiratory) type with areas of cuboidal 
epithelium (Figures 3 & 4) forming transition 
zones with the squamous epithelium of the 
ventral and dorsal regions. The ducts from 
the underlying sero-mucous glands joined the 
surface in this area and around the ducts small 
aggregations of lymphocytes were often seen. In 
1 jLim sections globule leucocytes were identified 
(Figure 4).
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(iii)Dorsal
The epithelium over the dorsal aspect was of 
a stratified squamous type with areas of super­
ficial keratinisation (Figure 5). Occasional 
taste buds were seen.
Level B
(i) Ventral
This region was confined to the mid-line of the 
ventral aspect, i.e. over the "U"-shaped cartilage 
at the entrance to the ventral pouch. The 
epithelium was of a low squamous kind only
2-3 cell layers thick (Figure 6).
(ii) Ventro-lateral
The epithelium in this region was of a cuboidal 
type, 2-3 cell layers thick (Figures 7 & 8).
(.iii)Arytenoid cartilages
Over the inner aspect of the arytenoid cartilages 
the epithelium was of a stratified squamous kind,
3-4 cell layers thick (Figure 9).
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(iv) Ventral pouch
The epithelium lining the ventral pouch was of 
a cuboidal/columnar type (Figure 10). The 
appearance of the epithelium varied with the 
degree of relaxation of the pouch, i.e. 
appeared convoluted or stretched.
In some rats aggregates of chronic inflammatory 
cells were present in the lamina propria between 
the ventral pouch and the thyroid cartilage, 
just cranial to the vocal folds. In some 
instances the inflammatory cells infiltrated 
into the epithelium.
This site was also associated with one,or 
occasionally two or three^pronounced'cyst-like' 
structures in some rats (Figure 11). These 
structures were composed of cuboidal epithelial 
cells and their lumina were shown (by serial 
sectioning) to be linked to the ventral pouch 
by narrow 'canals' (Figure 12). They thus 
appeared to represent diverticula from the 
ventral pouch. Large aggregates of neutrophils 
were often present in the lumen and also in the 
adjacent connective tissue.
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(v) Dorso-lateral
This area was lined by a stratified squamous kind 
up to four cell layers thick.
(vi) Dorsal
The squamous epithelium of the arytenoids 
gradually changed into a respiratory kind dorsally.
At the junction between these two types there was 
a narrow zone of pseudostratified cuboidal epithelium.
Level C
(i) Vocal folds
The vocal folds were covered by a thin epithelium 
two cell layers thick (Figure 13) . With 1 jim 
sections the epithelium did not conform to squamous 
or cuboidal types, therefore it was considered 
preferable to use the term "squamoid" to describe it 
(Figure 14).
Cii) Dorsal and Lateral
The squamoid epithelium of the vocal folds gradually 
changed through a transitional cuboidal zone laterally 
to a pseudostratified respiratory type, dorsally
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(Figures 15 and 16). In addition small areas of 
cuboidal (non-ciliated) cells sometimes occured in 
convoluted regions of the respiratory epithelium 
(Figure 17).
Level D
The epithelium at this level was of a respiratory 
type (Figure 18).
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Diagrams 22-35 Transverse sections of larynx showing distribution of 
epithelial types.
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Figure 2
Level A. Ventral region. H & E paraffin section x 800
Squamous epithelium (Sq), with junction of cuboidal (C) 
epithelium of the ventro-lateral region. Subepithelial 
glands (G).
Figure 3
Level A. Ventro-lateral region. 1 jum Tol. blue x 300
The epithelium is 2-3 layers high and composed of cuboidal 
cells. In the lamina propria, myelinated nerves (N), glands (G) 
and a few chronic inflammatory cells (arrows).
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Figure 4
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Level A. Ventro-lateral region. lju.m Toluidine blue. x800
The epithelium is composed of cuboidal cells with moderately 
wide intercellular spaces. Globule leucocytes (arrows) 
containing dense granules are seen within the epithelium.
Figure 5
A
Level A. Dorsal region. H & E paraffin section. X 500. 
Squamous keratinised epithelium.
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Figure 6
Level B. Ventral region. H & E paraffin section x 500 
The epithelium over the cartilage is of a low squamous type.
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Figure 7
Level B. Ventro-lateral region. H & E paraffin section x 300. 
Epithelium is composed of cuboidal cells.
Figure 8
Level B, Ventro-lateral region.. H & E paraffin section x 500. 
Higher power view of cuboidal epithelium.
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Figure 9
Level A. Arytenoid cartilage. H & E paraffin section x 500.
Squamous epithelium (S) over the inner aspect of the 
projection.
Figure i0
Level B. Ventral pouch. 1 um Toluidine blue. x 800
The ventral pouch (VP) is lined by a convoluted 
cuboidal epithelium
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Figure 11
Level B. Ventral pouch. H & E paraffin section x 150.
Diverticulae (D) from the ventral pouch (VP) containing 
aggregations of neutrophils.
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Figure 12
Level B. Ventral pouch H & E paraffin section x 500.
Higher power of serial section of Fig. 11. illustrates 
apparent continuity with pouch.
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Figure 13
Level C. Vocal folds. H & E paraffin’ section. X 500.
The vocal folds (VF) are covered by a low convoluted 
epithelium.
Figure 14
Level C. Vocal folds. ljim Toluidine blue. x 800. 
Higher power view of squamoid epithelium.
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Figure 15
Level C. Lateral region. H & E paraffin section. x315.
Pseudostratified respiratory epithelium. Sub- 
epithelial glands are linked to the laryngeal lumen 
(L) by a duct system CO
Figure 16
Level C. Lateral region. 1 ym Toluidine blue.x800
Surface epithelium contains ciliated (C) and non- 
ciliated cells (arrows). Globule leucocytes with dense 
granules are seen in the epithelium. Subepithelial 
glands contain serous (S) and mucous (M) acini.
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Level C. Dorsal region. H & E paraffin section. x315.
Convoluted respiratory epithelium with foci of 
non-ciliated cells (arrows).
Figure 18
Level D. Ventral region. 1 ym Toluidine blue. x800.
Respiratory epithelium with prominent cilia (arrows).
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PART 3, ULTRASTRUCTURE
INTRODUCTION
The ultrastructural appearances of the various epi­
thelial types identified by light microscopy were determined 
to obtain more information concerning their structure, and 
to provide information as to their possible functions.
No published accounts of rat laryngeal ultra­
structure were traced in the literature,and particular 
attention was paid to the cuboidal epithelia, as they :-are 
unusual.in the respiratory tract. This work also 
served as a baseline from which subsequent investigations 
into the effects of tobacco smoke could be established.
The surface topography of laryngeal epithelia was 
examined to assist the ultrastructural investigations. 
Scanning electron microscopy enabled the three-dimensional 
surface structure to be observed in a relatively large 
sample, and as the depth of focus is some 300 times that 
of the optical equivalent, the roughest surfaces may be 
examined in fine detail. Scanning electron microscopy 
has proved . ' particularly useful in the study of ciliated 
epithelia of respiratory airways (Barber and Boyde, 1968; 
Andrews, 19 74) ,
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EXPERIMENTAL PROCEDURE
The rats utilised in this section were mostly 
controls from the tobacco smoke exposure experiments 
described later. However, prior to these experiments,
10 male rats were processed for transmission electron 
microscopy to establish that routine ultrastructural 
techniques were suitable for preparation and examination 
of laryngeal epithelia.
For scanning electron microscopy, larynges from 
sixteen (86 and 8?) rats were fixed in 4% cacodylate 
buffered glutaraldehyde and processed for examination with 
the scanning electron microscope. After critical point 
drying ten of the larynges were cut in the coronal plane 
and six sagitally. Preliminary investigations had 
previously shown that if the larynges were cut up after 
fixation, as is usual, the lateral laryngeal walls curled 
round and in towards the lumen, thus obscuring, much of 
the mucosa.
RESULTS
In order to enable comparisons to be drawn with the 
other techniques in this work the findings with the 
electron microscopes are presented with reference to the 
histblogicalclassification previously described.
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Low power examination with the scanning electron 
microscope of larynges bisected in the sagittal plane 
demonstrated the 3-dimensional anatomy _ (Figure 19)t. In 
particular the relationship between arytenoid cartilage 
and vocal fold was well shown.
The epiglottis projected forward with a distinct 
curvature and the ary-epiglottic fold extended laterally 
from it to join the dorsal part of the arytenoid projection. 
From this point the arytenoid cartilage projected ventrally. 
At the base of the epiglottis the ventral pouch was shown 
bisected by the section plane. From the base of the 
pouch the vocal fold projected dorso-laterally to join 
the vocal process of the arytenoid cartilage. Caudal 
to the vocal folds the laryngeal lumen opened out into 
the trachea.
In specimens bisected coronally the epiglottis was 
seen to have a triangular shape with a pointed cranial 
region. At the base of the epiglottis the laryngeal 
lumen widened to form the lateral ventricles. Just 
caudal to this region was the ventral pouch and from 
the mid-line of its base the vocal folds projected 
laterally.
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Figure 19
Sagittal section, larynx. S.E.M. x 20
The curvature of the epiglottis (E) is well 
illustrated. Also shown are the ventral pouch (VP); vocal 
fold; arytenoid projection (A) and trachea (T). Note the 
relationship between the vocal fold and the arytenoid 
projection.
Figure legends:
S.E.M. : Scanning electron micrograph 
T.E.M. : Transmission " 1
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Ultrastructurally the stratified squamous epithelium 
was similar to that described in other organs. The 
epithelium was three or four cell layers thick with 
polyhedral basal and midzonal cells (Figure 20 )with 
elongated squamous cells at the surface (Figure 20).
Moderately wide intercellular spaces were present at all 
levels and contained numerous interdigitations of 
processes from adjacent cells often linked by desmosomes. 
Large irregular nuclei, which contained abundant hetero­
chromatin and prominent nucleoli, almost filled the basal 
cellcytoplasm which elsewhere contained a few, small 
mitochondria; sparse, short, single profiles of rough 
endoplasmic reticulum and numerous free ribosomes.
Prominent bundles of tonofibrils were commonly seen and 
were occasionally attached to desmosomes or hemidesmosomes. 
Those cells in the mid-zonal position of the epithelium 
were similar to basal cells, but their nuclei were less 
irregular and larger with a more peripheral heterochromatin 
distribution. In the luminal cytoplasm of these cells 
numerous - small, membrane-bound, electron-lucent vesicles 
were found. These vesicles were often seen in close 
proximity to the plasma membrane. The superficial 
cells were characteristically squamous in shape and contained 
fewer desmosomes. These cells had fewer organelles than 
the basal and intermediate types. The surface cells were 
often anucleate and some appeared to be in the process of 
desquamation, A few globule leucocytes were seen in the 
basal regions of the squamous epithelium. With the 
scanning electron microscope the surface of the squamous
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Figure 20
Level A. Ventral region. TEM. x 5,500.
Surface cells are squamous (Sq) and some contain numerous 
small vesicles (V) in their apical cytoplasm .A continuous 
layer of basal cells (B) is present. In the lamina propria 
several non-myelinated nerve fibres (N) are seen.
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epithelium was composed of "plate-like" cells overlying 
each other (Figure 21j* The cell surfaces were covered 
by numerous characteristic ridge-like folds (Figure 22 )
These microplicae were of uniform height, but of variable 
length and direction. In some areas where the surface 
cells appeared to have recently desquamated the micro­
plicae were less well developed (Figure 21). In regions 
in which cartilages were close to the surface the 
intercellular spaces of the epithelium were less wide and 
cells at most levels of the epithelium appeared elongated. 
This type of squamous epithelial appearance was commonly 
found over the tip of the arytenoid cartilages and the 
"U-shaped" cartilage at the entrance of the ventral 
pouch.C Figure 23).
The epithelium which covered the vocal folds was low 
squamoid in type (Figure 24) . There were two distinct layers 
of cells, surface and basal. The surface cells were 
squamoid with irregular nuclei containing deep invaginations 
occasional prominent nucleoli and a peripheral hetero­
chromatin distribution. In the cytoplasm were moderate 
numbers of mitochondria, short cisternae of rough 
endoplasmic reticulum and scattered free ribosomes. Along 
the luminal membrane, short cytoplasmic projections which 
resembled microvilli were seen. With the scanning electron 
microscope the superficial cells had a variable shape and 
size (-Figure 25) and appeared to contain poorly developed 
microplicae . In the luminal region of the cytoplasm
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Figure 21
Level A. Ventral region. S.E.M. x 12,000.
The epithelium is of a squamous kind and composed of 
flat "plate-like" cells. Areas of apparent recent 
desquamation are shown (D).
Figure 2 2
Level A. Ventral region. S.E.M. x 26,000.
Higher power micrograph to illustrate well developed 
microplicae (arrows) on the surface of the squamous cells.
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Figure 2 3
Level B. Ventro-lateral region. TEM. x 14,000.
The epithelium which overlies the"U"-shaped cartilage 
is more squamous in appearance. These cells have narrow 
intercellular spaces (arrows) and numerous free ribosomes. 
The basal cells contain tonofibrils (T). Fibroblasts (F) 
and nerve fibres (N) are present in the lamina propria.
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Figure 24
Level C. Vocal fold. TEM. x 6,000
The epithelium is composed of two distinct cell layers: 
surface (S) and the more electron-dense, basal (B).
Note the wide intercellular spaces and tortuous basement 
membrane (arrows).
Level C. Vocal folds. SEM. x 6,000.
Vocal fold is covered by a squamoid epithelium with distinct 
cell borders. There is no evidence of recent desquamation.
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numerous small vesicles were sometimes found. The basal 
cells had a more electron-dense cytoplasm and large 
nuclei with deep invaginations. Wide intercellular 
spaces were present especially between basal cells and 
contained many interdigitations of cytoplasmic processes, 
sometimes linked by desmosomes. Vesicles were less frequently 
seen in basal cells, but they contained abundant free 
ribosomes and occasional tonofibrils. The basal lamina 
was tortuous in conforming to the numerous projections 
from basal cells. In the vocal folds themselves, there 
were fibroblasts, collagen fibres, elastic fibres and a 
few mast cells and lymphocytes.
Areas of respiratory epithelium contained ciliated, 
non-ciliated (intermediate), serous, goblet, brush, basal 
and Kulchitsky cells (Figures 26 -'28 )• Ciliated cells 
were similar to those found elsewhere in the respiratory 
tract. The non-ciliated, intermediate cells hhd short 
microvilli on their apical surface, an electron-dense 
cytoplasm which contained scattered mitochondria, short 
single cisternae of rough endoplasmic reticulum, but 
were devoid of secretion granules.
Intermediate cells were most commonly found in the 
areas of respiratory epithelium in the ventro-lateral 
aspect at the base of the epiglottis. Serous cells were 
rarely seen in this region. At the margins of this area, 
where pseudostratified cuboidal epithelium was found, it 
was often difficult to distinguish between intermediate
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Figure 2 6
Respiratory epithelium containing ciliated (C), non-ciliated 
and brush (Br) cells. Globule leucocytes (GL) with prominent 
granules are present in the intercellular spaces. A 
discontinuous layer of basal cells (B) is present.
Level A. Ventro-lateral region. TEM. x 5,000.
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Figure 2 7
Level A. Ventro-lateral region. TEM. x 12,000.
Higher power micrograph illustrating brush cell (Br) 
ultrastructure. The surface contains numerous long, parallel 
microvilli. Tonofibrils (T) are prominent. Adjacent globule 
leucocyte (GL) contains small Golgi complex (G) adjacent to 
the nucleus. Note tight junctions (t) at epithelial surface.
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Figure 2 8
Level A. Ventro-lateral region. TEM. x 10,000.
Cell undergoing ciliogenesis. Numerous basal bodies (small 
arrows) are present in the apical cytoplasm prior to 
migration to the apical membrane. Note that only a narrow 
intercellular space is present between adjacent ciliated 
cells (long arrow).
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cells of respiratory epithelium and cells of the cuboidal 
epithelium.
Brush cells characterised by long parallel microvilli 
were seen only rarely; they occasionally contained bundles 
of tonofibrils and small vesicles immediately below the 
microvilli. Basal cells were polyhedral in shape and 
contained large nuclei with abundant heterochromatin, 
a few small mitochondria, bundles of tonofibrils and 
numerous free ribosomes in the dense cytoplasm. Rarely, 
usually in basal areas, single Kulchitsky (Feyrter) cells with 
variable numbers of characteristic small granules were found 
(Figures 29 and 30). The granules had electron-dense cores. 
Kulchitsky cells also contained a few bundles of tonofibrils. 
Serous cells (Figure 31) were often arranged in groups and 
were characterised by variable numbers of electron-dense 
secretory granules, abundant rough endoplasmic reticulum, 
prominent Golgi complexes and occasional mitochondria and 
lysosomes. Goblet cells were rarely seen. At the surface 
of the respiratory epithelium junctional complexes 
comprising tight junctions (zonula occludentes), zonula 
adherentes and desmosomes (maculae adherentes) were present 
between all types of adjacent cells. The intercellular 
spaces were narrow in the intermediate zone of the 
epithelium with a few desmosomes, but widened in the basal 
zone with some interdigitation of adjacent cell processes 
linked by desmosomes. Non-myelinated nerve fibres (Figures 
32 and 33) which contained microtubules and mitochondria, were 
often partially invaginated by the cells and were particularly
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Figure 29
Level A. Ventro-lateral region. TEM. x 9_,000.
Kulchitsky cell (K), from basal area of epithelium, with 
small dense granules (arrows).
Figure 30
Level A. Ventro-lateral region. TEM. x 28,000.
Higher power micrograph of Kulchitsky cell illustrating 
granules with dense cores (arrows) and bundles of micro­
filaments (T). Note adjacent nerve fibre (N).
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Level C. Dorsal region. TEM. x 6,000
Serous cells (SC) with electron-dense secretion granules 
in the apical cytoplasm.
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Figure 32
Level A. Ventro-lateral region. TEM. x 10,800.
Numerous non-myelinated nerve fibres (arrows), in the 
intercellular spaces, partially invaginated by epithelial 
cells.
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Figure 33
Level A. Ventro-lateral region. T.E.M. x 11,000.
Non-myelinated nerve fibres (N) in lamina propria 
pass through the discontinuous basement membrane (arrow). 
Bundles of collagen fibres are present in the lamina 
propria.(Co).
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numerous in the ventro-lateral aspect of the caudal 
epiglottis. These fibres were most frequently found at the 
base of the epithelium and in some instances were clearly 
associated with non-myelinated fibres in the lamina propria. 
Occasionally a few lymphocytes were seen within the epithelium, 
but globule leucocytes were frequent in all regions of 
respiratory epithelium.
In some areas, especially dorsally, at the level of the 
vocal folds, the epithelium was thrown up into small folds 
composed entirely of non-ciliated cells (Figure 34). These 
cells contained irregular nuclei, short microvilli and a few 
mitochondria. Similar cells were often seen, usually within 
other areas of respiratory epithelium.;
With the scanning electron microscope, areas of 
respiratory epithelium were found to contain three 
identifiable cell types: ciliated, non-ciliated and brush
cells. In some non-ciliated cells the impression of intra­
cellular secretion granules could be seen on the slightly 
convex luminal surface (Figure 35). Non-ciliated cells in 
some regions were polygonal with a flat surface covered by 
short microvilli (Figure 36) and were distinct from brush 
cells which had a dense covering of long parallel microvilli. 
Occasional cells were found which contained short cilia 
(Figures 36 and 37).
-117-
Figure 34
Level C. Dorsal region. T.E.M. x 5,700.
Fold in epithelium, surface cells (S) are cuboidal 
with short microvilli. Numerous globule leucocytes(GL) 
are present.
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The outline of intracellular mucus granules (arrows) can 
be seen in the non-ciliated cells.
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Figure 36
Level A. Ventro-lateral region. SEM. x 12,000.
The epithelium consists of ciliated and non-ciliated cells. 
The latter are of variable size and contain microvilli (Mv). 
Occasional cells contain short cilia (arrows).
Figure 3 7
Level A. Ventro-lateral region. SEM. x 25,000.
High power micrograph to illustrate short cilia (arrows).
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The cuboidal epithelium in the ventro-lateral regions 
of levels A and B (Figures 38-41) was composed of cuboidal or 
polyhedral cells with wide inter-cellular spaces, which 
contained numerous interdigitations of processes from adjacent 
cells, linked by desmosomes. However, at the luminal surface 
tight junctions were present. Large, irregularly shaped 
nuclei with a peripheral heterochromatin distribution 
occupied a high proportion of the cell cytoplasm. Nucleoli 
were occasionally seen. The cytoplasm contained moderate 
numbers of small mitochondria, free ribosomes and occasional 
short, single cisternae of rough endoplasmic reticulum.
Along the luminal surface of some cells, numerous small 
electron-lucent vesicles were present. Surface cells 
contained numerous short microvilli. There was not a distinct 
layer of basal cells as they were ultrastructurally similar 
to the overlying cells. Examination* with the scanning 
electron microscope showed polygonal non-ciliated cells which 
had a slightly convex apical surface with short microvilli.
The cell margins were distinct (Figures 42 and 43).
The cuboidal epithelium of the ventral pouch (Figures 
44 and 45) was found to be ultrastructurally distinct from 
that described above. The epithelium was approximately two 
cell layers high and contained a distinct, almost continuous 
basal layer. These irregularly shaped cells had an electron- 
dense cytoplasm, large nuclei with deep invaginations, dense 
peripheral heterochromatin and occasional prominent nucleoli. 
The cytoplasm contained numerous free ribosomes, occasional 
bundles of tonofibrils, mitochondria and, rarely,
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Figure 38
Level A. Ventro-lateral region. TEM. x 6,000
Junction of ciliated (C) and cuboidal epithelia. The cells 
at the junction are columnar, non-ciliated (NC) which 
gradually merge into the cuboidal type shown below. Globule 
leucocytes (GL).
Figure 39
Level A. Ventro-lateral region. TEM. x 3,500
Epithelium composed of polyhedral and cuboidal surface (S) 
cells. Nerve fibres are present in the lamina propria (N). 
Basal cells (B), a lymphocyte (L), and globule leucocytes 
are located above the basement membrane. The intercellular 
spaces are wide with moderate numbers of interdigitations of 
adjacent cell processes, but tight junctions (J) are present 
between cells at the surface.
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Figure 40
*
Level B. Ventro-lateral region. TEM. x 6,000
Basal (B) and intermediate cells contain a few short 
bundles of tonofibrils (T). A small lymphocyte (L) is also 
present. Note numerous short microvilli (arrows) on apical 
membrane of surface cells. Intermediate cells contain small 
vesicles (V) in their apical cytoplasm.
Figure 41
Level B. Ventro-lateral region. TEM. x 10,000
Cuboidal epithelium with wide intercellular spaces. Note 
vesicles (V) in luminal cytoplasm of intermediate cells and 
intraepithelial nerve fibres (N).
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Figure 42
Level B. Ventro-lateral region. S.E.M. x 6,000.
Polygonal, non-ciliated cells with distinct cell 
borders.
Figure 43
Higher power micrograph to illustrate uneven surface 
of non-ciliated cells due to numerous microvilli.
-124-
Figure 44
Level R. Ventral pouch. TEM. x 2,000.
Low power electron micrograph showing convoluted epithelium 
composed of basal (B), cuboidal surface (S) cells, lymphocytes 
(L) and globule leucocytes (GL). The underlying lamina propria 
contains fibroblasts (F), collagen fibres (arrows), nerve 
fibres (N) and capillaries (C).
Figure 45
Level B. Ventral pouch. TEM. x 11,800.
Surface cells (S) with mitochondria (M), microvilli (small 
arrows) and rough endoplasmic reticulum (R). Note tight 
junctions (large arrows) and globule leucocyte (GL).
-125-
lysosomes, Tight junctions were present at the luminal 
surface, the intercellular spaces widened slightly towards 
the basal area. The surface cells were cuboidal or poly­
hedral and were less electron-dense than those of the 
basal region. The luminal surface was slightly convex with 
short microvilli. Mitochondria and single cisternae or 
rough endoplasmic reticulum and Golgi complexes were 
present in the supranuclear cytoplasm. In addition to the 
cuboidal cells, ciliated and brush cells (Fig. 46) were rarely 
found within the ventral pouch. Variable numbers of 
lymphocytes, globule leucocytes and occasional non- myelinated 
nerve fibres were seen within the intercellular spaces.
With the scanning electron microscope the epithelial lining 
of the ventral pouch was composed of polygonal cells with 
distinct cell margins and short microvilli (Figs. 47&48) .
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Figure 46
Level B. Ventral pouch. TEM x 12,000.
Brush cell (Br) with parallel microvilli (arrows) and 
tonofibrils (T). Nerve fibres (N) are seen within the 
intercellular spaces.
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Figure 4 7
Level B. Ventral pouch. S.E.M. x 11,000.
The pouch is lined by an undulating epithelium composed 
of non-ciliated, polygonal cells with distinct borders.
Figure 48
Level B. Ventral pouch. S.E.M. x 30,000. 
Higher power micrograph to illustrate microvilli and 
rounded apical cell surfaces.
PART 4. MITOTIC INDICES
•INTRODUCTION
Cell renewal in th.e epithelium of the various levels 
of the respiratory tract does not occur at a uniform rate 
('Bertalanffy, 1968) , instead it varies, even between 
cranial and caudal regions of the trachea (Bolduc & Reid,
19 7 6). Several studies have investigated the mitotic 
activity in the trachea, bronchi, bronchioles and alveoli 
CBertalanffy & Leblond, 1953; Spencer & Shorter, 1962; 
Gottesberge & Koburg, 19 63; Shorter, Titus & Divertie,1966). 
However, no studies of mitotic activity of rat laryngeal 
epithelia were traced in the literature .
EXPERIMENTAL PROCEDURE
The mitotic indices were assessed from ljum sections 
of colchicine-treated rats, five animals were examined 
on each of 7 separate occasions.
The sections were divided into the standard four 
levels (A-D). The number of mitotic (metaphase) cells 
and total nucleated cells were counted for each of the 
areas, and for each epithelial type (Diagrams 36-41).
Because of the considerable variation in extent of the 
different epithelial types it was not possible to count 
a standard number of cells for each area. Therefore, all 
nucleated cells in the three sections of each level were 
counted. The mitotic index for each area was calculated 
as the percentage of the total nucleated epithelial cells 
in mitosis. In addition to counting the mitotic cells the
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position in the epithelium of each was recorded as; 
basal, ’’mid-position", or superficial.
The mitotic indices were analysed by non-parametric 
methods based on Kruskal-Wallis mean ranks (Kruskal &
Wallis, 1952; Scheirer, Ray & Hare, 1976). The mean ranks 
were compared using the least significant differences in 
conjunction with Newman-Keuls multiple comparison procedure 
(Newman, 1939; Keuls, 1952).
RESULTS
In control rats given an injection of saline alone, one 
mitotic figure was seen in areas of respiratory epithelium 
out of a population of approximately 5000 cells. Mitoses 
were slightly more frequent in the cuboidal epithelium, but 
relatively common in the squamous areas.
Counts of the numbers of mitotic cells, in colchicine- 
treated rats, at the four levels and thirteen regions of the 
larynx revealed markeddifferences in the mitotic indices 
(Figure 49-) . These differences generally correlated with 
epithelial type, i.e. high indices in ;squamous and low 
indices in respiratory epithelia. The mean mitotic index 
for all squamous areas was 5.6 per cent, compared with 
2,4 per cent in the low squamoid epithelium of the vocal 
folds. For cuboidal epithelium the mean mitotic index
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was low (mean 0.6 per cent), however in the ventrolateral 
region at the base of the epiglottis (level A) a 
consistently higher value was obtained (2.4 per cent).
Statistical analysis demonstrated that the dorsal 
area of level A; the arytenoid, ventral and dorsolateral 
areas of level B, and the ventral areas of level A, all 
had significantly higher mitotic indices than the ventral 
pouch and dorsal area of level B; the dorsal area of level 
C, and the ventral and lateral areas of level D (p<0.01).
The dorsal area of level A also had a significantly higher 
mitotic index than the ventrolateral area of level A; the 
vocal folds of level C, and the ventrolateral area of level B 
(p <0.05). A comparison of mitotic indices from rats 
examined on the 7 separate occasions revealed no statistically 
significant differences.
In the respiratory epithelium the majority (95 per 
cent)of mitotic cells were in the basal position, i.e. in 
contact with the basement membrane. Rarely (5 per cent) 
mitotic cells were seen in the "mid-position" of the 
epithelium, but no division of superficial nuclei was seen. 
Mitoses of globule leucocytes (approximately 1 in 1000) were 
rarely observed. These dividing cells contained their 
characteristic blue granules, which were arranged at the 
periphery around the dividing chromosomes. Within the 
cuboidal epithelium of the ventrolateral region at level B, 
the majority of mitotic cells (90 per cent) were also
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adjacent to the basement membrane, although rarely
(10 per cent) dividing cells in the "mid-position" of the
epithelium were observed.
In the ventral pouch the majority of mitotic cells 
were basal in location. Mitotic cells in the low squamoid 
epithelium of the vocal folds were always basal in position. 
In areas of stratified squamous epithelium there was some 
variation, but again the majority (85 per cent) of mitotic 
cells were adjacent to the basement membrane. However, 
approximately 15 per cent were not in contact with the 
basement membrane.
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Diagrams 3b-41> laryngeal sites used ror measurement 
of mitotic indices.
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dl : dorso-lateral 
a : arytenoid 
cartilage 
vp : ventral pouch 
d : dorsalLevel B2
Diagram 39
Level B 3
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Level C 2
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DISCUSSION
The basic anatomy of the larynx was found to be 
similar to that of other mammals (Negus, 19 49). Throughout 
the animal kingdom the epiglottis has an important role in 
the detection of odours. The degree of development of the 
epiglottis depends on the habit of the animal concerned. Thus 
a well developed epiglottis is found in spiny anteaters and 
in animals with a keen sense of smell, in rodents and in 
largomorphs as well as in antelopes and deer. In many 
animals, including rodents and herbivores, the position of 
the epiglottis in close approximation to the palate, prevents 
mouth-breathing, resulting in all air passing through the nose, 
even when the mouth is open. This enables the odour of 
harmless or poisonous herbage, and predators to be recognised 
by the nose. In man, the epiglottis is not in apposition 
with the soft palate, and does not serve as an accessory 
organ of olfaction (Negus, 1937).
An important basic function of the larynx is that of 
protective sphincter, in rat three sphincters are recognised: 
the upper one at the level of the ary-epiglottis folds; the 
middle which is composed of the arytenoid cartilages; and 
the lower one is made up of the vocal folds. These sphincters
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produce an inlet valve-like mechanism which is able to 
prevent the passage of air through the larynx.
The position and degree of movement of the arytenoid 
cartilages are important in determining the amount of 
friction and therefore resistance to air as it passes through 
the larynx. Mathematical calculations have shown that for 
optimum dilatation of the glottis, the length of the 
arytenoid cartilages should be equal to 70% of its diameter 
(Negus, 1949). This allows for the glottis to open into a 
diamond shape with two long and two short sides. The rat 
has a diamond shaped glottis, its arytenoids being fixed 
dorsally, unlike man in which the arytenoids are also able 
to move laterally forming a triangular glottis. The 
length of the arytenoid cartilages is usually related to 
the activity, especially running speed, of the species 
(Negus, 1949). Thus antelopes have long arytenoids (approx­
imately 69% of the glottis diameter) whereas in animals such 
as the sloth only short arytenoids are present. In specimens 
from the present study the arytenoids were measured to be 
approximately 60%, reflecting a relatively high potential 
activity (cf , 45% for man ) . Short arytenoid cartilages and
long vocal folds are essential if a wide range of sound is 
to be produced. Long arytenoid cartilages in some animals 
and in reptiles and birds preclude efficient phcnation at 
the larynx (Negus 1937).
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Many animals are able to avoid food entering the 
larynx by the presence of raised laryngeal margins, either: 
lateral epiglottic folds or ary-epiglottic folds (or both). 
Rats do not have lateral epiglottic folds,, but have well 
developed ary-epiglottic folds which direct food along 
lateral channels on either side of the larynx into the 
oesophagus. This mechanism prevents interruption of 
respiration during ingestion, which is important when large 
amounts of food are consumed over a prolonged period.
In previously reported studies, of the rat larynx, 
differences of opinion have centred on the position of the 
cuneiform cartilages. Liebich (1975) considered that they 
were continuous with the epiglottis, arising as pointed 
lateral processes from the base and extending along the 
aryepiglottic folds. Andrew(1954) in contrast, thought that 
the two cuneiform cartilages, fused at one end, formed a 
"U-shaped" cartilage which lay anterior to the vocal folds. 
Andrew referred to the epiglottic processes as lateral wings 
of the epiglottis. The problem was further complicated when 
Smith (1977) described the cuneiform cartilages as arising 
dorsally from the cranial end of the arytenoid cartilages. 
These were considered to be the corniculate processes by 
Liebich. Negus (1949) in his comprehensive description of 
the comparative anatomy and physiology of the larynx noted 
that when the arytenoid cartilages were large, as in many 
rodents, cuneiform cartilages were absent end the ary-
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epiglottic folds were supported by the arytenoid and
epiglottic cartilages for most of their length. In some
other animal species the cuneiform cartilages were located
within the ary-epiglottic folds and were derived from
processes of the epiglottic cartilage. Unfortunately,
Negus did not include the rat in his comparison of a wide
range of mammalian species, but it would appear that, in
rat, there are no obvious equivalents of the clearly
identifiable human cuneiform cartilages. The cuneiform
cartilages described by Liebich (1975) as lateral projections
from the epiglottis, are regarded merely as lateral wings
of the epiglottis. The cartilages cranial to the arytenoids
described by Smith (1977) represent the equivalent of
the corniculate cartilages observed at similar sites in
other mammalian species (Negus, 1949) . The nU"-shaped
cartilages, fused at the centre adjacent to the ventral
pouch described by Andrew (1954) do not appear to have
a direct equivalent in higher animals. A similar cartilage
is found in the hamster, but is not "U"-shaped (unpublished 
observations). .
Further differences of opinion here involved the 
position of the vocal folds. The work of Liebich (1975) , 
Andrew - (1954), Walander (1950) and the present study 
agree that these stretch from the vocal processes of the 
arytenoid cartilages to the ventral midline of the thyroid 
cartilage. This anatomical position is consistent with the 
position of the vocal folds in other mammalian species .
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(Negus, 19 49; Miller, Christensen and Evans, 19 64; and 
Fink, 19 75). Smith (19 77) and Walker, Wilton and Binns 
(19 78) confused the vocal folds with the arytenoid projections 
referring to the true vocal folds as the ventral ridges.
There does not appear to be an equivalent of the 
ventral pouch in animals other than rodents. Its function 
is not immediately obvious, other than representing a 
ventricle but it is possible that it is related to the air 
sacs observed in monkeys. The pouch was referred to as the 
fovea centralis by Walander (1950).
With conventional paraffin wax embedded sections 
three distinct epithelial types were identified: stratified 
squamous, cuboidal and pseudostratified ciliated (respiratory) 
Stratified squamous epithelia can withstand more wear and 
tear than simple epithelial types (Ruedi, 1959). Their, 
function is chiefly protective as they cannot perform 
secretory or absorptive functions. They are usually found 
on wet surfaces that are subjected to considerable'wear 
and tear. The distribution of squamous epithelium in the 
rat larynx corresponds to areas most likely to be subjected 
to abrasion, i.e. the epiglottis, cranial aspects and the 
vocal folds. The epithelium of the vocal folds is an 
unusual squamous type, being only two cells high and therefore 
not illustrating the usual zones. Within a true stratified 
squamous epithelium not all the layers are squamous 
in shape (as the name implies) but the cells at the
base of the epithelium are polyhedral and only towards 
the surface are they truly squamous. The basal cells
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act as "stem" cells and after undergoing mitosis one 
daughter cell moves to the cell layers above and matures.
The oldest cells are therefore the superficial ones, which 
are eventually lost as a result of sloughing. Some cranial 
dorsal areas of the larynx were lined by a stratified 
squamous keratinised epithelium. Keratinisation is 
usually associated with "dry" areas of the epithelium 
exposed.to abrasion. As it is tough and resistant it 
protects the underlying epithelial cells. It is relatively 
impervious to bacteria and hence resistant to infection 
(Ham, 1969).
The epithelium lining the ventro-lateral aspect of 
level B does not readily conform to the classical epithelial 
classification (Ham, 1969). It most closely resembles the 
stratified cuboidal epithelium illustrated by Rhodin (19 74) who 
described it as a rare type in which the superficial layer 
of cells consists of cuboidal cells which are mostly non- 
ciliated. The number of cell layers, all consisting of 
polyhedral cells, varies from two to four. Similar cuboidal 
epithelium occurs in the ducts of sweat glands, sebaceous 
glands, and pars cavernosa of the male urethra (Rhodin, 1974). 
Although the function of this epithelial type is not known 
there are two immediate possibilities. Firstly, it may 
represent a type of epithelium of intermediate resistance to 
wear and tear (i.e. between squamous and respiratory).
Secondly, it may represent an epithelium able to stretch and
-142-
contract with the movement of the larynx, similar to the
transitional epithelium found in the bladder. In the human
larynx transitional epithelium is found between squamous and
11
ciliated areas (Ruedi, 1959).
The convoluted or stretched appearance of the epithelial 
lining of the ventral pouch in animals suggests that this 
region changes shape, probably with the movement of the 
laryngeal musculature during respiration, etc. From light 
microscopic observations the function of the pouch and its 
epithelium cannot be determined.
In common with other areas of the respiratory airways 
the function of respiratory epithelium is concerned with 
mucociliary clearance. The ciliary beat is known to move 
the overlying mucous blanket towards the pharynx.
The mucous is secreted by the underlying seromucous glands 
and by the serous non-ciliated epithelial cells. Respiratory 
epithelium is only found in areas not normally subjected 
to abrasive forces and is hence generally located in the 
caudal aspects of- the larynx.
The increased resolution of 1 Jim epon sections enabled 
the identification of five distinct epithelial types within 
the rat larynx. Two of these types, stratified squamous 
and pseudostratified respiratory are identical to those 
found in other regions of the respiratory tract (Cleaton- 
Jones, 1971; Jeffery and Reid, 1975). However, the other 
three types are unusual and difficult to distinguish
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as separate forms by light microscopy of paraffin wax 
embedded sections. The vocal folds of most mammalian 
species are covered by stratified squamous epithelium 
(Negus, 1949; Rhodin, .1974) , but in rat they are lined 
by an epithelium, probably best described as "squamoid" 
which is composed of only two continuous cell layers. 
Cuboidal epithelia are relatively rare in mammalian 
tissues, but there is some similarity with the epithelium 
of the rat urethra (Rhodin, 1974). The cuboidal 
epithelia of the ventro-lateral region of level B and the 
ventral pouch differ in the appearance of their inter­
cellular spaces. In the ventrolateral region distinct 
wide intercellular spaces are clearly visible, whereas 
in the ventral pouch they are not seen and thus are 
probably narrow. Further evidence to support the view 
that they are different forms of cuboidal epithelia is 
given by the findings that they have different mitotic 
indices. The functions of these epithelial types is not 
clear, they do not appear to have a secretory function
as no evidence of granule synthesis or accumulation - 
was observed.
Ultrastructurally, the most striking feature of the 
superficial cells of stratified squamous epithelium, 
revealed by scanning electron microscopy, is the 
intricate system of inter-branching microridges. Similar
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structures, termed microplicae, have been reported in 
squamous epithelia from: cervical smears (Llanes, Farre, 
Ferenczy and Richart, 19 73); alimentary tract, cornea and 
conjunctiva (Andrews, 19 76); and respiratory tract (Andrews,
19 74). Llanes et al suggested that the unique presence 
of microplicae on the superficial cells was possibly 
related to surface adhesiveness. In the squamous areas of 
the larynx, microplicae were found to be poorly developed 
in areas of apparent recent desquamation (i.e. lower than 
adjacent cells). This suggests that microplical development 
is generally related to cell maturation and possibly 
specifically to cell degeneration. Andrews (1976) considered 
that microplicae developed from intercellular interdigitations 
of adjacent cell membranes seen by transmission electron 
microscopy in the underlying layers of squamous epithelium. 
These interdigitations are often linked by desmosomes and 
therefore involved in cellular adhesion. Regression of 
the interdigitations into microplicae, with loss of desmosomes 
would be expected to favour sloughing.
Ultrastructurally the epithelium of the vocal folds 
was confirmed as having squamoid appearance as it does not 
conform entirely to the characteristics of squamous epithelia. 
There is, however, an ultrastructural resemblance between the
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"squamoid" epithelium of the vocal folds and that of the 
cuboidal epithelium found cranial to it. This may indicate 
that the amount of wear and tear to which the rat vocal 
folds are subjected is less than that experienced in other 
species and that a less resistant type of epithelium is 
sufficient.
The ultrastructural appearance of the respiratory 
epithelium is similar to that described in trachea (Jeffery 
and Reid, 1975; Martin, Lane, Gordon and Drummond, 19 79). 
Although quantification of relative cell numbers was not 
undertaken in the present study, the relative frequency of 
the cell types in the respiratory areas, caudal to the 
arytenoid projections, appeared similar to those quoted by 
Jeffery and Reid for the trachea.
The physiological and anatomical significance of 
the isolated areas of respiratory epithelium in the 
ventro-lateral aspect at the base of the epiglottis is 
probably related to mucociliary clearance. These 
ciliated areas correspond to the points of entry of 
ducts from large submucosal sero-mucous glands, and 
the ciliated cells presumably help the movement of mucus 
from these glands. The reason for the virtually total 
absence of serous cells and increased numbers of inter­
mediate cells in this region is unknown. Another possible
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function of these isolated areas of respiratory epithelium, 
in an apparently vulnerable area of the epiglottis, could 
be to aid sensory receptors. This epithelium is more 
highly innervated than elsewhere in the respiratory tract 
(unpublished observations) and the mucous blanket may 
serve to trap any inhaled substances and thus allow 
their detection by intraepithelial sensory fibres.
Several electron microscopical studies have shown 
that occasional nerve fibres penetrate into the surface 
epithelium in the trachea and bronchi (Rhodin, 1966;
Hung, Hertweck, Hardy & Loosli, 1973; Jeffery & Reid,
1975; Jeffery, Widdicombe & Reid, 1975; Hung, 1976).
In the present study numerous similar nerve fibres 
were found within the laryngeal epithelium, especially 
in the epiglottis and ventral pouch. The distribution 
of these epithelial nerve endings appears similar to that 
described from light microscopical studies in man 
(Pressman & Kelemen, 1955). As no vesicles and no 
specialised contacts were found within any of the intra­
epithelial fibres of the epiglottis they are
probably sensory in function ( Jeffery and Reid, 1973).
The density of sensory endings is greatest at the 
laryngeal inlet, i.e. the epiglottis, conforming with the 
concept of the larynx as primarily a protective organ
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tPressman & Kelemen, 1955). The epithelial sensory receptors 
are mechanosensitive and chemosensitive and show no 
discharge during quiet breathing, but are stimulated by 
intra-luminal dust or foreign bodies, or irritant gases,and 
also by inflation and deflation (Jeffery, Widdicombe & Reid, 
1975). Harding, Johnson & McClelland (19 78) demonstrated 
the presence of water-sensitive receptors, which were 
insensitive to isotonic saline, in the sheep, cat and 
monkey larynges. These receptors were shown by Storey & 
Johnson (.19 75) to be less sensitive to milk, saliva and 
gastric liquor.
The type of cuboidal epithelium found in the ventro­
lateral aspect at the level of the arytenoid projections, 
is unusual. Ultrastructurally it resembles the stratified 
cuboidal epithelium, described by Rhodin (19 74) in the rat 
urethra, although in the larynx the intercellular spaces 
are wider. This type of epithelium is found in areas of the 
body which need more protection than that provided by simple 
cuboidal epithelium,but not as much as that provided by 
stratified squamous epithelium (Ham, 1969). The ultra*-'-, 
structural characteristics of the cells within this type of 
epithelium do not suggest any specialized role other than 
protection.
Another form of cuboidal epithelium is found in the rat 
larynx, i.e. that lining the ventral pouch. The ultra- 
structural appearance of this epithelium differs consider­
ably from the cuboidal epithelium elsewhere in the larynx.
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The characteristics of the surface cells, with more 
mitochondria and rough endoplasmic reticulum suggest a 
greater metabolic activity than the other cuboidal epithelium. 
However, no evidence of secretion granule synthesis or 
release was found in any of the cells. An absorptive 
function seems unlikely as the short microvilli are 
poorly developed when compared with those of specialized 
absorptive cells such as the kidney proximal tubules. 
Therefore, the role of these epithelial cells and indeed 
that of the pouch itself is.uncertain.
Globule leucocytes (of uncertain function) were most 
frequently found in the intercellular spaces of respiratory 
epithelium and least frequently in squamous epithelium;
Kent (1966) noted that they were only rarely seen within 
the epithelium of the vocal folds.
Since the presence and degree of chronic respiratory 
disease has been shown to affect the mitotic rate of 
respiratory epithelium of rodent lungs (Shorter, Titus, 
Divertie, 1964; Wells, 1970), the degree of any lympho­
cytic aggregation was carefully assessed, not only in the 
larynx, but also in the lower respiratory tract prior to 
the inclusion of any slides in the assessment of mitotic 
index. The lymphocytic aggregations around the airways 
of all rats conformed to the criteria for grades I and II
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of Bolduc and Reid (1976), In the larynx of the SPF 
barrier-maintained rat, small subepithelial aggregates 
of lymphocytic cells are occasionally seen and then 
usually in the yentro-lateral aspect of levels A and B*
As the rats in the present study conformed to this degree 
they were considered suitable (and more important, rep­
resentative) for the assessment of the mitotic indices of 
normal, healthy laboratory rats.
The use of 1 ym sections (Lane and Gordon, 1974) 
for the combined assessment of mitotic indices and histo­
logical characteristics for epithelia has two advantages. 
Firstly, the recognition of mitotic cells is easy and they 
cannot be confused with pyknotic nuclei or infiltrating 
cells such as lymphocytes and globule leucocytes. Secondly, 
the increased resolution enables greater epithelial detail 
to be observed.
Colchicine arrests, in metaphase, all cells that enter 
division during the period from dosing to sacrifice and does 
not depress or stimulate mitotic activity (Hooper, 1961). 
MacDonald (19 71) reported that there is a slight tendency for 
some of the arrested mitoses to disintegrate during 4-hour 
period between administration of colchicine and sacrifice.
In the present study occasionally a few large voluminous 
cells with only a few "spots" of chromosomal material were 
seen. These could have represented disintegrated nuclear
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material or alternatively the section plane could have 
missed the main chromosomal aggregate. As with both 
possibilities the cells represented mitoses they were 
included in the mitotic count.
The most commonly used alternative method for
assessing mitotic rates is .autoradiography after dosing with
tritiated thymidine. Bolduc and Reid (1976) used both
3
colchicine and H -thymidine in their work on the lower 
regions of the respiratory tract, and although obtained 
minor differences, they were not statistically significant. 
Their subsequent description and discussion was made by 
reference to results obtained with colchicine. Bertalanffy 
(1964) discussed the relative advantages of the two 
techniques and concluded that both can yield valuable data. 
MacDonald (19 71) stated that the labelled thymidine method 
is subject to a number of experimental errors. These 
include: some difficulty in identification of labelled
mitoses in autoradiographs because of overlying silver
3
grains; the dosage and specific activity of H -thymidine; 
and the precise exposure and development criteria. The 
decision as to the minimum number of grains over a nucleus 
before it is counted as labelled is also a possible source 
of problems, MacDonald (19 71) quoted some authors as 
requiring at least two silver grains whereas other workers 
did not mention their criteria. Bolduc and Reid (1976)
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required 9 or more silver grains over a nucleus to include it 
in the mitotic count.
In any quantitative investigation of dividing cells, 
such as the present study, it is preferable to express 
the number of mitoses per given reference unit, i.e. a 
mitotic index (MacDonald, 1971). When comparing mitotic 
indices with those quoted by other workers it is important 
to remember the findings of Bolduc and Reid (1976) that 
the values obtained vary considerably with the age of the 
rats investigated. Also the strain of rat; environmental 
conditions (Bolduc and Reid, 1976); presence and degree of 
chronic respiratory disease (Wells, 1970); the 
precise technique employed; and not least the exact 
criteria used to identify mitoses, have been shown to, or 
are likely to, affect the results obtained.
However, the values obtained for the mitotic index 
of respiratory epithelium in the caudal larynx appear to 
correlate with those quoted by Lamb and Reid (1968),
Gxeisen (1970) and Bolduc and Reid (1976) for rat trachea 
and bronchus. These workers, and Shorter, Titus and 
Divertie (1964) in mice, found that the index was higher in 
the trachea than in the bronchi and bronchioles. Further, 
more detailed, evidence was obtained by Bolduc and Reid 
(1976) who found that in the upper trachea the mitotic 
index was higher than in the lower trachea. Thus, the 
present results for caudal larynx, slightly higher than
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those quoted for trachea, may represent a continuation 
of this trend. It is of interest to note that in the 
present study the areas of respiratory epithelium located 
at the base of the epiglottis had a considerably higher 
mitotic index than more caudal respiratory areas. This 
is not surprising when it is remembered that these 
ciliated areas form isolated islands in the middle of 
squamous and cuboidal epithelia. The position of these 
islands suggests that they would be more likely to be 
subjected to inhaled and mechanical insults than other 
respiratory regions. This region is known to be very 
susceptible to damage following inhalation of a wide 
variety of substances, some of which are of therapeutic
value ( unpublished-'observations' ) . The higher 
mitotic index would tend to support this view, suggesting 
that the increased cell production is necessary to maintain 
epithelial continuity.
The finding that the majority of mitotic cells were 
located in the basal regions of all the epithelial types 
(i.e. adjacent to the basement membrane) is not surprising 
as it is generally accepted that it is the basal cell which 
usually undergoes division. This was classically illustrated 
by the squamoid epithelium of the vocal folds, in which 
mitoses were always confined to the continuous basal layer.
In respect of the extrapulmonary airways, Bolduc and Reid 
(.1976) found similar results, but quoted unpublished ultra-
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structural work by Jeffery and Reid who had occasionally 
found serous and goblet cells in division, Bindreiter, 
Schuppler and Stockinger (1968) also found that occasionally 
cells in the "mid-position" can also divide. The highest 
number of mitotic cells in the "mid-position" was found in 
stratified squamous epithelium, which also had the 
highest mitotic index. There are three possible explan­
ations for the presence of mitoses in the "mid-position": 
firstly, the cells may have, in fact, been in contact 
with the basement membrane out of the section plane; 
secondly, the cells may, during the 4 hours between 
dosing and sacrifice, have commenced their migration from 
the basal region; thirdly, the mitoses may represent 
genuine division by "mid-position" cells.
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CHAPTER 4
THE EFFECT OF TOBACCO SMOKE ON THE HISTOLOGY, 
ULTRASTRUCTURE AND MITOTIC INDICES OF RAT 
LARYNGEAL EPITHELIA.
-155-
The effect of tobacco smoke exposure on rat laryngeal 
epithelia was investigated using four approaches:
PART 1. Conventional light microscopy.
PART 2. Transmission electron microscopy,
PART 3. Scanning electron microscopy.
PART 4. Measurement of the mitotic rate.
PART 1. HISTOLOGY.
INTRODUCTION
Initially light microscopical studies were performed 
to determine the effects of tobacco smoke exposure on the 
rat larynx. Four studies of similar experimental design, 
except that the duration was varied, were carried out to 
determine the time scale and nature of any changes.
Many of the experiments described were in fact performed 
as part of the safety evaluation programme performed to 
assess the effect of incorporation of a tobacco substitute 
(NSM - New Smoking Materials Ltd. - Wilmslow, Cheshire ) 
into conventional cigarettes. However, as the aim of this 
thesis was to investigate the effects of conventional tobacco 
smoke, only those groups involving cigarettes composed of 
100% conventional tobacco are included and discussed.
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EXPERIMENTAL PROCEDURE
The experimental designs of the studies are summarised 
in Table 7.
During the majority of the studies clinical data 
including bodyweight, food consumption, clinical signs, 
routine haematological and biochemical tests were performed. 
However, as the aim of the present thesis was to establish 
and investigate the histopathological changes, and because 
the above tests were performed by, and were the responsibility 
of, other personnel, the results are not included in this 
work.
EXPERIMENT 1 
INTRODUCTION
A six month study was initially performed as it was 
considered to represent a compromise between acute studies 
reported to produce relatively minor changes in other areas 
of the respiratory tract (Dalhamn and Rylander, 1966; Dalhamn 
and Rylander, 1969; Dalhamn and Rylander, 1970; Barry, 1972) 
and chronic(two years plus) studies reported to produce 
preneoplastic and neoplastic lesions in hamsters (Dontenwill, 
1970; Bernfeld, Homburger and Russfield, 1974; Kobayaski, 
Hoffman and Wynder, 19 74).
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RESULTS
The results obtained after six months smoke exposure 
are summarised below. Basically, there were two identifiable 
lesions: epithelial hyperplasia and squamous metaplasia, both 
of which were sometimes associated with superficial 
keratinisation. The lesions were dose related, i.e. a 
higher incidence and severity in the high dose group than the 
low dose group. Within the larynx, the distribution of the 
lesions varied.
Generally the ventral aspect was most severely affected, 
in particular the respiratory epithelium in the ventro-lateral 
aspect of level A and the cuboidal epithelium of level B 
(Table 8}.. The epithelium of these two areas illustrated 
squamous metaplasia (Figures 50-53) sometimes with 
superficial keratinisation (Figure 51) and at level A in 
severely affected animals had an irregular undulating, contour, 
i.e. appeared folded, with capillaries containing red blood 
c’ells apparently within the epithelium. The ventral region 
was hyperplastic (Figure 51) and keratinised. Thus, the 
whole of the ventral and ventro-lateral areas were lined by 
a squamous epithelium (Figure 54).
The squamous epithelium lining the inner aspect of the 
arytenoid' projections was hyperplastic and keratinised, but 
was generally of even height i.e. did not undulate (Figure 55).
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TABLE 8
INCIDENCE OF EPITHELIAL CHANGES IN VENTRO-LATERAL 
REGION OF LEVEL B AFTER 6 MONTHS TOBACCO SMOKE
EXPOSURE
% INCIDENCE
Epithelial
hyperplasia
Squamous
metaplasia
Keratinised
squamous
metaplasia
Incidence of 
all forms of 
squamous 
metaplasia
s 0 8 0 8Room control ^ 0 0 0 0
5 5 o 5
Tube control ^ 5 9 0 9
8 8 83 0 83Low dose ^ 8 92 0 92
0 78 22 100High dose ^ 0 55 36 91
TABLE .9
INCIDENCE OF EPITHELIAL CHANGES IN VENTRO-LATERAL REGION 
OF LEVEL B AFTER 12 WEEKS TOBACCO SMOKE EXPOSURE
% INCIDENCE
Epithelial
hyperplasia
Squamous
metaplasia
Keratinised
squamous
metaplasia
Incidence of 
all forms of 
squamous 
metaplasia
Room control
8
?
7
0
0
14
0
0
0
14
Tube control 8$
0
9
0
0
0
0
0
0
Low dose 8
?
25
13
75
80
0
0
75
80
High dose 8$
7
7
86
85
7
8
93
93
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Figure 50
/
Level A. Ventro-lateral region. H & E paraffin section, x 500. 
Squamous metaplastic epithelium thrown into folds.
Figure 51
VL
Level A. Ventral and Ventro-lateral regions. ljLim Tol.blue. x400.
Squamous metaplasia in the ventro-lateral region (VL) and 
hyperplasia, with superficial keratination (arrow) in the 
ventral region (V).
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Figure 52
Level B. Ventro-lateral region. H&E paraffin section. x 150
Squamous metaplasia in the ventro-lateral regions (VL), 
hyperplasia over "U"-shaped cartilages (arrows) and squamous 
metaplasia extends slightly into the ventral pouch (VP).
Figure 5 3
Higher power photomicrograph similar to that shown in previous 
figure. Squamous metaplasia in the ventro-lateral aspect (VL) 
and hyperplasia of the epithelium over a portion of the "U"- 
shaped cartilage. The squamous metaplasia extends slightly 
into the ventral pouch (VP) but the majority of the epithelial 
lining of the pouch is normal (arrow).
x 300
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Figure 54
Level B. Low power micrograph. H&E paraffin section. x 50
Squamous metaplasia in the ventro-lateral (VL) region with 
hyperplasia in the ventral region (V) and over the arytenoid 
projections (A).
Figure 55
O
Level B. Arytenoid projections. H&E paraffin section. x 300.
Hyperplasia with superficial keratinisation of the squamous 
epithelium.
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In the high dose group the respiratory epithelium 
dorsal to the arytenoid cartilage illustrated similar 
squamous metaplastic changes to those in the ventro­
lateral region of level A. In contrast, in the low dose 
group there was minimal-moderate hyperplasia characterised 
by a crowding of nuclei in the basal part of the epithelium 
with an apparent loss of ciliated cells. This resulted in 
the area having a similar appearance to the adjacent cuboidal’ 
type.
In animals from the high dose group the squamoLd 
epithelium of the vocal folds became hyperplastic (Figure 
56) and keratinised, especially over the vocal processes 
of the arytenoid cartilages. In the lateral region of level 
C hyperplasia and squamous metaplasia with undulation of the 
epithelium (Figure 57) were found only in animals from the 
high dose group.
At level D there was focal,slight epithelial hyperplasia 
with decreased ciliated cells and crowding of nuclei, in 
high dose animals only.
EXPERIMENT 2
INTRODUCTION
This 12 week study was designed and performed following
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Figure 56
Level C. Vocal folds. H&E paraffin section. x 300.
Hyperplasia of the squamoid epithelium lining the vocal folds. 
Note crowding of basal nuclei (arrows).
Figure 5 7
Level C. Lateral region. 1 urn Toluidine blue. x 500
Hyperplasia and squamous metaplasia with capillaries (arrows) 
almost entirely enclosed by epithelial cells.
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the finding of marked changes at 6 months. The aim was to 
determine if similar changes were produced in a shorter 
dosing period with the ultimate objective of providing 
information on the time-scale, so that more detailed 
investigations (ultrastructural and histochemical) could be 
carried out later into the development and causes of such 
lesions.
RESULTS
After 12 weeks smoke exposure (Table 9) the extent, 
nature and severity of the changes were similar to those 
described for 6 months.
EXPERIMENT 3'
INTRODUCTION
In view of the findings in the previous studies the 
3rd experiment was again of shorter exposure duration 
- 6 weeks. As this was a reasonably short period the 
experiment was extended to include interim sacrifices at 
3 days, 6 days, 10 days, 2 weeks and 4 weeks. This spread 
of sacrifices was included to give information regarding 
the sequence of events and time scale in the development 
of hyperplastic and metaplastic epithelia.
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RESULTS
After 3 days exposure to tobacco smoke, rats from the 
high dose group had squamous metaplasia in the ventro-lateral 
region of level A. In some animals the original respiratory 
epithelium focally overlay metaplastic squamous cells 
(Figures 58 and 59). There was often a distinct "slit" 
between the two types of epithelium. Variable numbers of 
acute inflammatory cells were present between the ciliated 
cells of the original epithelium, in the "slit" and in the 
superficial layers of the underlying metaplastic squamous 
epithelium. In the ventro-lateral region of level B focally 
a single layer of squamous cells was present on the surface 
of the slightly hyperplastic cuboidal epithelium. The 
squamous layer of the inner aspect of the arytenoid 
projections was slightly hyperplastic, i.e. increased in 
height with crowding of the basal cells.
At 6 days there were fully developed stratified 
squamous metaplastic epithelia in the ventro-lateral regions 
of levels A and B. Focal keratinisation of the -squampus 
epithelia in the ventral region and over the inner aspect 
of the arytenoid projections was present in most rats.
In rats exposed to tobacco smoke for 10 days and for 
2, 4 and 6 weeks, the pathological changes were similar to 
those at 6 days, except that the metaplastic epithelium in the
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Figure 58
Level A. Ventro-lateral region. H&E paraffin section. x 300.
Original respiratory epithelium over-lying squamous metaplastic 
form. Ciliated cells of original epithelium appear vacuolated, 
their cilia can just be distinguished (arrows). A narrow "slit" 
(S) is present between the two epithelia.
Figure 59
Level A. Ventro-lateral region. H&E paraffin section. x 300
Remnants of original respiratory epithelium loosely attached 
to underlying squamous metaplastic form.
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ventro-lateral region of level A and the dorsal region of 
level B became irregular and undulating, similar to that 
previously described at 6 months and 12 weeks.
In addition, hyperplasia and keratinisation of the 
vocal folds, particularly over the vocal processes of the 
arytenoid cartilages, occured in most rats.
No changes were observed at level D or in the dorsal 
region of level C.
In the low dose group the changes were less severe 
and extensive. Squamous metaplasia was found in the ventro­
lateral regions of levels A and B. Keratinisation was only 
rarely found in this group.
EXPERIMENT 4
INTRODUCTION
This 2-year study was included to allow comparison 
of acute and chronic studies. It was hoped that neoplasia 
would develop towards the end of the study and allow the 
sequence of changes leading from metaplasia to be 
established. . In this experiment 100 <? and 100? rats were 
allocated to each group. Interim sacrifices were ;carried 
out at 12 and 20 months and in addition sporadic deaths and 
animals sacrificed in extremis were examined throughout the
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experimental period.
RESULTS
At the 12 month interim sacrifice, epithelial squamous 
metaplasia was common in the ventro-lateral region of levels 
A and B and in the dorsal region of level B in treated 
rats and was most pronounced in the high dose group. 
Keratinisation was almost entirely confined to the high 
dose group. There was also hyperplasia in: the ventral 
aspect of level B; the inner aspect of the arytenoid 
projections; and along the vocal folds. These changes were 
again most pronounced in the high dose group.
Findings at the 20 month interim sacrifice and at 
termination (24 months) were similar to those at 12 months. 
The distribution of lesions throughout the larynx is 
shown in Diagrams 42-49.
Sporadic deaths showed similar changes to rats 
examined in the interim and terminal kills; however, in 
addition, in many rats accumulations of mucus were 
present within the laryngeal lumen.
The results of the 2-year study were analysed to 
detect any progression or regression of the pathological 
lesions induced during the early stages of the exposure 
period. The experimental period was divided into 5 age 
groups to include animals sacrificed 'in extremis' or
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Diagrams 4^-4^ aistnoution or nyperpiasia ana 
metaplasia in the larynx, after smoke exposure
Diagram 42
©
g>
Level A 3
v: ventral
vl: ventro-lateral
— —  Hyperplasia 
Juu«u«uU,!“Squamous 
Metaplasia
Diagram 4 3
<§> 3
A: Arytenoid
Level A 4
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Diagram 44
Hyperplasia  i —
Level a 5
Squamous
Metaplasia
Diagram 45
o
D: Dorsal
©©
Level Bi
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Diagram 47 Squamous
Metaplasia
o
Level C l
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Level C2
MetaDlasia
Diagram 49,
which died, and those animals sacrificed at the interim 
and terminal kills. The age groups were: 0-51 weeks; 
week 52 (interim kill); 53-90 weeks; weeks 91 and 92 
(interim kill); and week 9 3 to termination. No consistent 
trends of regression or progression of the pathological 
lesions were detected. The results expressed by age group, 
for three of the most severely affected regions of the larynx, 
are summarised in Table 10. In addition, the incidence 
figures of lesions in six of the laryngeal regions for all 
rats,(i.e. combined ages),are shown in Table 11.
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TABLE 10
2-YEAR SMOKE EXPOSURE -%INCIDENCE OF CHANGES BY AGE GROUP
Age group/treatment.
Reaion/Lesion.
LEVEL A 
Sq.Met.
LEVEL A 
Sq.K.Met.
LEVEL B 
Sq.Met.
'No.Rats
1 0 0 0 7
Control <J 2 0 0 0 11
3 0 0 0 35
4 0 0 0 12
5 0 0 3 35
1 0 0 0 3
Control ? 2 0 0 0 11
3 0 0 0 34
4 0 0 0 11
5 0 0 0 41
1 0 0 0 6
Tube Controls' 2 0 0 0 12
3 0 0 0 21
4 0 0 0 11
5 0 0 0 50
1 0 0 0 8
Tube Control? 2 0 0 0 12
3 0 0 0 23
4 0 0 0 12
5 0 0 0 45
1 71 0 0 9
Low Dosed1 2 83 0 33 10
3 70 0 67 10
4 100 0 33 11
5 100 0 27 60
1 0 0 0 2
Low Dose? 2 83 0 25 10
3 69 0 15 13
4 43 0 37 10
5 61 5 13 65
1 72 28 86 27
High Dose<5 2 30 70 100 12
3 53 38 100 34
4
5
86 14 100 26
*
1 78 17 78 25
High Dose? 2 20 80 100 10
3 50 50 100 12
4 75 25 100 11
5 66 31 91 42
Age groups:
1:0-51 weeks 
2:12 month interim 
3:53-90 weeks 
4:20 month interim 
5:93 weeks-terminal
♦Terminated at 
20 months due 
to high mortality.
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TABLE 11
EXPERIMENT L. 2-Year Exposure to Tobacco Smoke 
Incidence of Changes - All Rats (Combined Age Groups)
% Incidences of Lesions
Region of 
Larynx
Pathological
Lesion
Room
Control
3
' Room 
Control 
$
Tube
Control
3
Tube
Control
0
Low
Dose
o
Low
Dose
o
High
Dose
3
High
Dose
o
Level A 
Ventro-lateral
Epithelial
Hyperolasia 12 28 9 22 5 33 1 1
Level A 
V entro-lat eral
Epithelial
Squamous
Metaplasia
0 0 0 0 93 62 65 66
Level A 
Ventro-lateral
Epithelial 
Squamous 
Keratinised 
Metanlas ia
0 0 0 0 0 3 3^ 33
Level B 
Ventral
Epithelial - 
Hyperplasia 16 12 7 10 82 71 15 20
Level B 
Ventral
Epithelial
Keratinised
Hyperolasia
0 0 0 0 16 28 85 80
Level B 
Ventro-lateral
Epithelial
Hyperolasia 1 3 0 2 29 22 0 k
Level B 
Ventro-lateral
Epithelial
Squamous
Metaplasia
1 0 0 0 32 17 b9 k9
Level B 
Ventro-lateral
Epithelial
Squamous
Keratinised
Metaplasia
0 0 0 0 0 0 35 22
Level B 
Arytenoid 
Projections
Epithelial
Hyperplasia 26 lU 17 10 62 6h 8 19
Level B 
Arytenoid 
Projections
Epithelial
Keratinised
Hyperplasia
0 0 1 1 30 21 91 78
Level B 
Dorsal
Epithelial
Hynerplasia 7 9 9 lU 37 25 16 20
Level B 
Dorsal
Epithelial
Squamous
Metaolasia
3 1 1 1 9 8 Ik 71
Level C 
Vocal Folds
Epithelial
Hyperplasia 17 7 10 3 13 9 Ik 8
Level C 
Vocal Folds
Epithelial
Keratinised
Hyperplasia
6 1+
6
5 k6 37 86 85
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PART 2 ULTRASTRUCTURE
INTRODUCTION
The initial ultrastructural investigation was planned 
after the first two light microscopical studies had been 
performed and it had been established that smoke induced 
metaplasia occurred before 12 weeks of exposure. The third 
light microscopical study was in fact combined with ultra- 
structural investigations. An exposure period of 6 weeks 
was considered to be of sufficiently short duration to 
allow the inclusion of several interim sacrifices and 
determine the point of onset of squamous metaplasia. In 
addition, it was hoped that the relative frequency 
of the interim sacrifices would provide the required 
information regarding the sequence of ultrastructural 
events which lead to metaplasia. As in the previous light 
microscopical studies no differences were detected between 
room control and tube control rats, only the latter group 
was included in ultrastructural experiments. Also, 
as male and female rats had demonstrated the 
same changes, only males were used in the second ultra- 
structural study. This enabled the experiment to include 
numerous, frequent interim sacrifices without using a 
prohibitive number of animals.
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The previous light microscopical studies had 
established the sites at which major changes occurred 
within the larynx. Therefore, in ultrastructural 
investigations particular attention was paid to three 
of these sites:
the ventro-lateral regions of level A ( 
respiratory epithelium);
the ventro-lateral regions of level B ( 
cuboidal epithelium);
the inner aspects of the arytenoid 
projections (squamous epithelium).
EXPERIMENTAL PROCEDURE
The experimental designs of the studies are shown 
in Table 12.
RESULTS
No changes were detected in rats examined immediately 
after smoke exposure.
a). 24-48 hours after commencement of exposure 
Ventro-iateral regions of level A
The ciliated cells illustrated a wide range of 
changes. The endoplasmic reticulum, particularly the rough 
form, was dilated, initially only slightly, but later 
formed large membrane-bound vacuoles. Within the nuclei 
the heterochromatin became more dispersed and the peri­
nuclear cisternae dilated.. In many cells the mitochondria 
were swollen (Figure 60) with a decreased matrix density.
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In addition, the general cytoplasmic density of the 
ciliated cells appeared decreased (Figure 61) and the 
number of cilia reduced with some apparently shortened 
(Figure 60). There were bulbous cytoplasmic projections 
from the luminal membrane of many ciliated cells. These 
projections were devoid of organelles. Some ciliated 
cells contained lysosomal inclusions of variable size 
(Figure 62). In most cases the inclusions were membrane- 
bound and contained heterogeneous material. Those cells 
which contained lysosomal inclusions often did not 
illustrate any degenerative or abnormal features. The 
non-ciliated, intermediate cells illustrated similar 
changes to those found in ciliated cells. The basal 
cells increased in number towards the end of the period, 
and had an electron-dense cytoplasm due to large 
numbers of free ribosomes, with prominent large nucleoli 
and often, swollen mitochondria (Figure 6 3).
During the first 48 hours there was a moderate 
infiltration of neutrophils (Figure 64) into the inter­
cellular spaces. Globule leucocytes, in animals examined 
24 hours after exposure, appeared to have moved up^  to 
the luminal surface, and in some cases were apparently 
free in the lumen. Other globule leucocytes from 
animals examined between 24 and 48 hours after exposure
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Figure 60
Level A. Ventro-lateral region. T.E.M. x 17,000
Ciliated cell with loss of cilia -only basal bodies (arrows) 
remain; and swollen mitochondria (M).
Figure 61
Level A. Ventro-lateral region. T.E.M. x 8,250
Basal regions of ciliated cells, illustrating cytoplasmic 
lysis (*}, dilatation of rough endoplasmic reticulum and 
nuclear cisternae (arrows).
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Figure 62
Level A. Ventro-lateral region. TEM. x 5,000.
Large lysosomal inclusions (arrows), probably autophagic 
in origin, within ciliated cells.
Figure 6 3
Level A. Ventro-lateral region. TEM. x 5,700.*
Basal cells (from epithelium with degenerative changes in 
superficial ciliated cells) with swollen mitochondria (M), 
prominent tonofibrils (arrows) and large prominent 
nucleoli (N).
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Level A. Ventro-lateral region. lpm Tol. blue. x 800
Numerous neutrophils (arrows) are present in the epithelium. 
Mitotic cells (M). Note adjacent ciliated cells appear normal.
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illustrated degenerative changes.
In the later stages, the intercellular spaces of the 
surface epithelial cells were widened . Contact 
between these original cells and the underlying 
proliferated basal cells was only focal, with a few 
desmosomes. The surface tight junctions appeared 
unaffected.
Ventro-lateral region of level B
Most of the surface cells of this cuboidal 
epithelium illustrated a range of changes less 
severe than those described above for ciliated cells.
The intercellular spaces of the surface cells were 
dilated and desmosomes infrequently seen, although the 
tight junctions appeared intact. Desmosomes were 
present between the surface and proliferated basal cells. 
Neutrophils were occasionally present (Figure 65)in 
the intercellular spaces between the surface cells. The 
surface cells changed shape, becoming elongated with 
their major axis parallel with, the basal lamina, i.e. 
squamous. Changes seen in the surface cells included: 
dilatation of the rough endoplasmic reticulum, ^some­
times forming large membrane^-bound vacoules; dilatation
-185-
Figure 65
Level B. Ventro-lateral region. T.E.M. x 6,000
Neutrophils (N) are present within the superficial layers 
of the epithelium. The superficial cells have dilated rough 
endoplasmic reticulum, and have their major axis parallel 
with the basement membrane. Intercellular spaces of the 
underlying squamous (S) cells are narrow.
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of the nuclear cisternae(Figure 66); swollen mitochondria; 
occasional lysosomes; autophagic vacuoles; and multi- 
vesicular bodies. In some areas the surface cuboidal 
cells were ultrastructurally normal, but with numerous 
electron-lucent, small vacuoles in the cytoplasm and 
an electron-lucent ground substance in the intercellular 
spaces (Figure 6 7). Focally, some superficial and mid­
position cells in these regions contained increased 
numbers of free ribosomes and prominent tonofibrils.
This change was most frequently encountered in rats 
from the low dose group.
Arytenoid projections
There were no obvious ultrastructural changes in 
any smoke exposed rats during this period.
bj. . 3-10 days after commencement of exposure
Ventro-lateral region of level A
By 3 days of exposure the respiratory epithelium 
had undergone metaplasia, especially in the high dose 
group.. In those rats which "slit-formation" was 
present the original epithelial cells were loosely 
attached to an underlying squamous epithelium. The 
respiratory cells were cuboidal, sometimes vacuolated, 
with swollen mitochondria, decreased cilia, short cilia, 
autophagic vacuoles, cytoplasmic lysis and widened 
intercellular spaces, although the tight junctions
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Figure 66
Level B. Ventro-lateral region. T.E.M. x 11,800
Dilatation of the rough endoplasmic reticulum (R) and 
nuclear membrane. Note desmosomes (arrows) between 
original epithelial cells (0) and underlying cells.
Figure 6 7
Level B. Ventro-lateral region. T.E.M. x 5,700.
Most cuboidal cells contain numerous, small, electronlucent 
vacuoles. An amorphous ground substance is present in the 
intercellular spaces (arrows).
appeared intact. There were few desmosomes along the 
lateral margins of the cells, and none at all between 
the original and the underlying squamous epithelia. A 
distinct gap or slit was often present horizontally, 
between the two epithelia.
Neutrophils were present within the intercellular 
spaces of the original epithelium and occasionally the 
superficial cells of the squamous epithelium. After 
desquamation of the original epithelium (usually as a 
sheet) neutrophils were confined to the superficial 
layers of the squamous epithelium (Figure 68) and by 
10 days had disappeared completely.
The basal cells of the squamous epithelium 
contained increased free ribosomes, prominent tonofibrils 
and the intercellular spaces were usually narrow with 
numerous desmosomes. The superficial and mid-position 
cells of the squamous cells contained slighty dilated 
rough endoplasmic reticulum, and the number of tono­
fibrils and free ribosomes increased during this period 
(Figure 69). The tonofibrils first appeared as fine, 
fibrils and gradually became more prominent.
The intra-epithelial nerve fibres were swollen 
and vacuolated with swollen mitochondria.
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Figure 6 8
Neutrophils (N) confined to the superficial layers of the 
squamous metaplastic epithelium. The superficial cells of 
the original epithelium are in the process of desquamation 
(arrows).
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Figure 6 9
Level A. Ventro-lateral region. T.E.M. x 12,000.
Proliferated cells beneath original ciliated epithelium 
contain slightly dilated rough endoplasmic reticulum 
(arrows); tonofibrils (T); desmosomes (D) and free ribosomes 
(R). The tonofibrils appear as fine, single fibrils.
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Ventro-lateral region of level B
The surface cells of the epithelium were focally 
squamous with their longest axis parallel with the basal 
lamina. The intercellular spaces were narrow with only 
occasional interdigitations of projections from adjacent 
cells, but numerous desmosomes. were present. The 
rough endoplasmic reticulum was slightly dilated and the 
number of ribosomes and tonofibrils increased (Figure 70). 
Mitochondria were relatively numerous. During the later 
stages of the period the squamous epithelium became more 
differentiated, the intercellular spaces widened (Figure 71) 
and contained numerous interdigitations of adjacent cell 
projections. The cytoplasm of these cells contained fewer 
mitochondria, and decreased RER., but increased numbers of 
tonofibrils and free ribosomes (Figure 72). The basal lamina 
became tortuous due to projections from basal cells but 
remained intact.
Arytenoid pro j e cti ons
The changes which occured within the squamous epithelia 
after tobacco smoke exposure were less marked than in other 
epithelial types, Normally, the intercellular spaces of 
squamous epithelium at this site were wide, but after smoke 
exposure they became narrow (Figure 73) with marked numbers 
of desmosomes. The epithelial height increased and the 
numbers of free ribosomes appeared to increase, especially 
in basal cells, with prominent tonofibrils and swollen
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Figure 70
Level B. Ventro-lateral region. T.E.M. x 12,000,
Superficial cells of early squamous metaplastic epithelium 
with slightly dilated rough endoplasmic reticulum (large arrow) 
mitochondria, and desmosomes (arrows). The tonofibrils (T) 
appear as bundles of fine, individual fibres.
-194-
Figure 71
Level B. Ventro-lateral region. TEM. x 5,700.
Early squamous metaplasia, characterised by flattened 
superficial cells.
Figure 72
Level B. Ventro-lateral region. TEM. x 4,000
Low power micrograph of well differentiated squamous 
metaplastic epithelium, composed of several layers of 
flattened cells, note prominent interdigitations of cell 
processes within the intercellular spaces. The basal cells (B) 
are polyhedral. Basal lamina (arrows) is tortuous but intact.
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Figure 7 3
Level B. Arytenoid projections. T.E.M. x 11,000.
Hyperplastic epithelium with squamous cells containing 
free ribosomes, tonofibrils (T) and numerous desmosomes 
(arrows). Intercellular spaces are narrow.
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mitochondria.
c) 2-10 weeks after commencement of exposure
Ventro-lateral region of level A
Towards the end of this period the metaplastic 
epithelium appeared tortuous and with distinct undulations.
One of the most prominent features was the presence of 
capillaries, embedded within the epithelium, almost completely 
surrounded by epithelium cells (Figures 74 and 75). 
Invaginations of the epithelial basement membrane penetrated 
deep into the epithelium and passed around the capillaries.
The intercellular spaces of the epithelium were wide and 
only the most superficial, 1-2 layers of cells, were squamous 
in character. Intraepithelial nerve fibres were not seen in 
the metaplastic epithelium. Focally, superficial keratinisation 
was present.
Ventro-lateral region of level B
In the high dose group keratinisation at the surface 
of the epithelium occured. Initially, the keratin appeared 
to form on the luminal surface of the squamous cells, but 
below the desquamating layers. In these keratinising cells, 
keratohyalin granules were present, but only tonofibrils of 
the other organelles were present in significant numbers.
The intercellular spaces were narrow with numerous desmosomes 
(Figure 76).
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Figure 74
Level A. Ventro-lateral region. T.E.M. x 3,500.
Squamous metaplasia. Undulation of the epithelium with 
a capillary (C) almost completely enclosed by the 
proliferated epithelial cells.
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Figure 75
Level A. Ventro-lateral region. T.E.M. x 6,000.
Higher power micrograph from similar area to previous 
figure. Capillary with red blood cells and endothelial 
cell (E ). The epithelial basement membrane (arrows) 
almost surrounds the capillary.
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Figure 76
Level B. Ventro-lateral region. T.E.M. x 5,700.
Squamous metaplasia with a band of keratin (K) 
immediately below superficial cells which have 
"clumped" heterochromatin (H). Intercellular spaces 
are narrow with numerous desmosomes.
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Arytenoid projections
Keratinisation was present in many high dose group 
rats and the epithelium was ultrastructurally similar to 
the ventro-lateral region of 'level B (Figure 77).
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Figure 77
' . ■
Level B. Arytenoid region. T.E.M. x 5,700.
Hyperplastic squamous epithelium with narrow intercellular 
spaces, numerous desmosomes, and superficial keratinisation 
(K) .
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PART 3 SURFACE TOPOGRAPHY
INTRODUCTION
The distribution of laryngeal lesions induced by 
tobacco smoke exposure and their surface topography were 
also investigated by scanning electron microscopy.
EXPERIMENTAL PROCEDURE
A small six-week study in which 5<? and 5? rats from each of 
the: tube control, low dose tobacco smoke and high dose 
tobacco smoke, was carried out for this purpose.
RESULTS
With the scanning electron microscope the surface 
appearance of larynges from the high dose group was similar in 
the ventral and ventro-lateral regions of levels A and B.
These regions were lined by a squamous epithelium 
composed of flat "plate-like cells", with keratinisation 
in some areas. There was frequent evidence of recent and 
impending desquamation in the non-keratinised sites (Figure 78)f 
i.e. the surface cells appeared only loosely attached to 
the underlying cells. The degree of microplical development 
was extremely variable (Figure 79), some cells contained 
well developed examples, while in others they were hardly
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Figure 78
Level A. Ventral region. S.E.M. x 3,000.
Squamous epithelium with areas of apparent recent 
desquamation (arrows).
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Figure 79
Level A. Ventral region. S.E.M. x 12,000.
Squamous cells with distinct cell borders and prominent 
microplicae.
Figure 80
Level A. Ventro-lateral region. S.E.M. x 6,000.
Submucosal gland opening surrounded by ciliated and non- 
ciliated cells. Some cells contain short cilia (arrows).
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identifiable. Superficial keratinisation resulted in a 
grossly irregular surface with crevices and folds. These folds 
appeared to be the remnants of microplical impressions.
In the non-keratinised areas cell borders were well demarcated. 
The submucosal gland openings in the ventro-lateral region 
of level A were often difficult to find due to overlying 
squamous cells and keratin.
In rats from the low dose tobacco smoke group there 
were decreased numbers of ciliated cells in the ventro­
lateral region of level A and the epithelium was predominantly 
composed of flat squamous cells. The microplicae were well 
developed and little evidence of recent or impending 
desquamation was seen. Around the openings of submucosal 
gland ducts, small isolated groups of ciliated and non- 
ciliated polygonal cells were seen. Some of the ciliated 
cells had reduced numbers of cilia and/or short cilia. The 
non-ciliated cells had variable numbers of short microvilli 
and distinct cell borders (Figures 80-82).
Along the inner aspects of the arytenoid projections 
there were areas of keratinisation in high dose group rats.
In the non -keratinised areas the squamous cells had well 
developed microplicae and only focal evidence of recent 
or imminent desquamation was seen. In rats from the low 
dose group no keratinisation was seen.
-206-
Figure 81
Level A. Ventro-lateral region. S.E.M. x 1,200.
Two submucosal gland openings (arrows) are seen surrounded 
by squamous epithelial cells, some of which appear to be 
only loosely attached to the surface (i.e. about to 
desquamate).
Figure 82
Level A. Ventro-lateral region, S.E.M, x 12,000.
High power view into submucosal gland duct (D). Note 
ciliated cell within duct (arrow), other cells appear 
to contain short cilia.
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Most rats from the high dose group had focal 
keratinisation of the vocal folds with prominent folds 
and crevices which may have represented the impressions 
of microplicae, but were far less intricate and 
organised (Figures 83&84). Only occasional examples of 
recent desquamation were seen.
Elsewhere in the larynx changes were focal and 
relatively minor in nature.
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Figure 8 3
Level C. Vocal folds. S.E.M. x 6,000.
Squamous keratinised epithelium, with reduced numbers 
of microplicae but folds and crevices.
Figure 84
Level C. Vocal fold. S.E.M. x 3,000. 
Squamous epithelium with deep ’crevices1.
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PART 4 MITOTIC INDICES
INTRODUCTION
Measurement of the mitotic rates of the epithelia 
in various regions of the larynx was undertaken to provide 
additional information regarding the proliferativfe 
response known to occur almost immediatly after smoke 
exposure. Because of the rapidity with which the changes 
were known to occur, i.e. hyperplasia and squamous 
metaplasia at 3 days, the measurement of mitotic rates 
was performed in a single experiment of 10 weeks duration 
with frequent interim kills. Only tube control and high 
dose groups were included, due to the time consuming 
nature of mitotic counts.
EXPERIMENTAL PROCEDURE
Five <3 , colchicine- treated rats and 5S controls 
were killed at each of 7 periods: immediately after 
one exposure (Dhy 1); after overnight recovery from a single 
exposure; 3days; 7 days; 14 days; 28 days; and 70 days.
The methodology is described in Materials and Methods, 
and the sites examined were described in Chapter 3 for 
control rats.
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RESULTS
At all sites there was a rapid rise in the 
mitotic rates after overnight recovery from aisingle days 
exposure with a maximal response after 3 days. The mitotic 
rates decreased considerably by 7 days, and from 14 days 
they remained relatively constant, at a level slightly 
above that of the tube control rats (Figures 85-93;Table 
13) . ^
Although the mitotic rates of all regions of the 
larynx were increased 1 day after tobacco smoke exposure 
there was a marked difference in the response, with the 
ventral and ventro-lateral regions of levels >A and B 
showing the most marked response (Figures 9 4&95).
At 3 days many mitotic cells were present in the 
mid-position of the metaplastic and hyperplastic epithelia, 
in addition to those in the basal regions (Figures 9 6 and 9 7).
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TABLE 13.
EFFECT OF SMOKE EXPOSURE ON MITOTIC RATE OF LARYNGEAL EPITHELIA
% MITOTIC CELLS - GROUP MEANS
REGION OF LARYNX
EXPOSURE
PERIOD
GROUP
LEVEL A LEVEL B LEVEL C LEVEL D
V VL D V . VL A . VP . DL D VF D V D
1 DAY
TUBE
CONTROL
SMOKE
4.3
4.1
2.3
2.0
6.2
5.7
5.1
4.1
2.1
1.9
5.1
5.6
1.1
1.1
5.5
6.5
0.5
0.6
2.2
1.7
0.5
0.4
. 0. 4 
0.2
0.3
0.3
1 DAY +
OVERNIGHT
RECOVERY
TUBE
CONTROL
SMOKE
4.4
19.9
2.6
22.9
6.3
13.4
5.6
13.8
2.2
7.9
6.0
11.6
0.9
2.1
5.7
9.8
0.4
2.7
1.9
4.2
0.6
1.7
0.5
0.7
0.4
0.8
3 DAYS
TUBE
CONTROL
SMOKE
4.6
41.8
1.9
39.9
6.0
8.6
4.9
24.5
2.2
30.9
6.7
7.3
1.3
4.0
6.0
9.7
0.7
1.0
2.0
2.9
0.6
0.2
0.3
0.3
0.5
0.4
7 DAYS
TUBE
CONTROL
SMOKE
4.0
5.9
2.4
4.9
5.6
9.6
5.2
6.2
2.4
8.6
6.1
9.5
1.0
1.3
5.4
8.1
0.5
1.7
2.3
2.9
0.5
0.3
0.5
0.2
0.3 
0. 3
14 DAYS
TUBE
CONTROL
SMOKE
4.1
4.9
2.4
5.2
5.9
6.5
4.9
5.9
2.2
5.5
6.4
6.1
1.2
1.1
5.3
5.5
0.7
0.6
2.5
2.7
0.4
0.5
0.4
0.5
0.5
0.7
28 DAYS
TUBE
CONTROL
SMOKE
4.8
5.8
2.7
4.3
6.1
6.5
5.1
6.0
2.1
3.1
5.7
6.2.
0.8
1.2
4.9
4.1
0.4
0.5
2.9
3.8
0.5
0.4
0.6
0.3
0.3
0.5
70 DAYS
TUBE
CONTROL
SMOKE
4.4
5.9
2.7
4.2
5.9
6.6
4.9
5.8
2.1
3.8
6.4
7.7
1.5
1.2
5.6
4.9
0.6
0.6
2.1
3.4
0.4 
0. 3
0.5
0.6
0. 6 
0.4
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Figure 9 4
Level A. Ventral region. 1 jum Toluidine blue. x 500
Mitotic cells in the basal region. Many superficial cells 
appear degenerate and in the process of desquamation (D).
Figure 9 5
Level A. Ventral region. 1 jum Toluidine blue. x 500
Numerous mitotic cells (arrows) in the basal and mid-position 
of the squamous epithelium.
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Figure 96
Level B. Ventro-lateral region. 1 jum Toluidine blue. x 500
Mitotic cells predominantly in the mid-position of the 
epithelium.
Figure 9 7
Level B. Arytenoid cartilages. 1 jum Toluidine blue, x 500
Superficial cells are pale and vacuolated suggesting probable 
degeneration. Mitotic cells (arrows) are present in the 
basal and mid-position of the epithelium.
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DISCUSSION
The distribution of tobacco smoke induced lesions within 
the larynx is probably influenced by at least four highly 
interrelated factors: anatomical; airflow; histological; and 
properties of the smoke itself.
From anatomical considerations-, pathological changes 
would be. expected to occur at any point which projects into 
the airway or causes a narrowing of the airway. These sites 
would by expected to be exposed to a greater concentration 
of any inhaled irritant or toxic material. Thus, 
theoretically, from a solely anatomical point of view, the 
arytenoid projections and the vocal folds would be likely 
sites as they project into and restrict the airway lumen. 
Evidence in support of this view is provided by comparison 
of the distribution of tobacco smoke-induced lesions in the 
rat and Syrian hamster. In hamsters exposed to smoke, for 
9 weeks at a similar concentration to those used in the 
present studies, hyperplasia was not observed over the 
arytenoid projections (unpublished observations ).
These projections, in hamsters, are far less pronounced and do 
not project as far into the laryngeal lumen as in rats(in rats 
they are approximately 60% of glottis diameter cf. 35% in 
hamsters). However, aerodynamic features are also relevant as 
the airflow through the larynx certainly influences the 
distribution and thus the deposition of inhaled substances.
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The fundamental problem of the actual physical behaviour 
of smoke passing through the respiratory tract was investi­
gated, as long ago as 19 39, by Proetz, using model systems. 
Proetz found that when smoke was blown through a straight, 
relatively wide-bore glass tube, no deposition occurred; 
however, when the end of the same tube was drawn out to a fine 
point, deposition of brown tar occurred. He also found that 
when a tube had a constriction, tar was deposited distally, 
where eddies occur (Ingelstedt and Toremalm, 19 60) and that 
tar was also deposited at any sharp bends in the tube. The 
speed at which the smoke was blown through the tube also 
affected tar deposition, more occurring at faster speeds.
This phenomenon was thought to be due to whirling of the 
gas at higher velocities by. Ingelstedt and Toremalm, (1960) 
who also concluded that the shape of the different parts of 
the upper respiratory tract completely determined the type 
of air flow and that the human larynx normally functions as 
a constriction, which facilitates mixing and conditioning 
of inspired air in the subglottic space.
The larynx is the first point of constriction of airflow 
in the respiratory tract. In narrow airways less displacement 
is needed by particles to bring about contact with the 
adjacent wall and thus deposition may be increased (Lippmann 
and Altshuler, 19 75). The high respiratory rate of nose- 
breathing animals rapidly conducts the smoke stream to the 
larynx, and leads to the deposition of a considerable
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proportion of particulates (Dontenwill, 19 70). Increased 
airflow velocity increases particle deposition due to 
impaction. Thus, during exercise, when larger amounts of 
air are inhaled at higher velocity, impaction is greater 
(Lippmann and Altshuler, 1975). Aharonson (19 75) showed that 
the nasopharyngeal tract removes more particles at high flow 
rates than at low flow rates. Thus the fact that rats in 
the present studies often panted during smoke exposure (Hardy, 
19 79) may have enhanced particle deposition.
The larynx in the rat is the site of a major change of 
airflow direction in the respiratory tract. When an airflow 
changes direction the particles tend to maintain their 
original course (Lippmann and Altshuler, 19 75) and thus 
impaction on the dorsal wall of the larynx would be expected 
to occur. However, this region does not illustrate marked 
pathological changes, probably because it is lined by a 
stratified squamous epithelium. Thus histological features 
interact with the airflow in determining the distribution 
of lesions.
The three major epithelial types (respiratory, cuboidal 
and squamous) found, vary considerably in their 
resistance properties (discussed later with reference to 
epithelial permeability). Generally, in mammalian tissues, 
squamous epithelium is found in areas likely to experience 
"wear and tear"; and respiratory epithelium, a sensitive form,
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in areas of little abrasion. Cuboidal epithelia represent 
forms intermediate between these two (Ham, 1969; Rhodin, 1974). 
Within the larynx the distribution generally conforms to this 
pattern: with the resistant squamous form being found in 
the cranial regions and over the arytenoid projections, 
whereas respiratory epithelium is predominantly found in the 
caudal regions. Cuboidal epithelia are found as transition 
zones between the other two types (see Chapter 3). However, 
the major exception to this pattern, respiratory epithelium 
in the ventro-lateral region of level A, i.e. at the base of 
the epiglottis, corresponds with one of the major sites of 
tobacco smoke-induced change. The position of these isolated 
areas of ciliated cells surrounded by cuboidal and then by 
squamous epithelium may be related to mucociliary clearance 
and/or sensory chemoreception (see Chapter 3). Another site 
at which pathological changes readily occur, the ventro­
lateral region of level B, is lined by cuboidal epithelium; 
thus both respiratory and cuboidal epithelia readily undergo 
metaplastic transformation and these changes are predominantly 
located on the ventral wall of the larynx. This location may 
thus be due to the histology or also possibly to anatomical or 
aerodynamic factors.
Properties of the smoke itself which could possibly 
affect particle deposition in the larynx include the presence 
of electrostatic charges on the particles within the smoke.
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Increased deposition on surfaces due to the electric
charges on the particle have been recognised for several years
(Gillespie, 1960; Owe Berg,Fernish and Hankins, 1963).
Wilson (19 47) suggested that, theoretically, charged particles 
would have an increased deposition in the human airways, and 
Melandri, Frodi, Tavroni, Fromigani, De Zaiazomo, Bompane and 
Maestri (1977) found significant increases in total human 
respiratory tract deposition at relatively low charge levels.
In contrast, some workers (Fraser, 1966; and Fry, 19 70) 
concluded that increases in particle deposition due to electric 
charges were insignificant under normal environmental 
conditions. However, recently, Chan, Lippmann, Cohen and 
Schlesinger (1978) found an increased deposition of particles 
-£:5jum and postulated that an even greater increase in 
deposition should take place for charged submicron particles. 
Kingdom (1961) considered that a smoker would inhale 
approximately 2 x 10^ ions/cc while he was 
smoking a cigarette ( a concentration 1000 x that found in 
ordinary air). Chan, Lippmann, Cohen and Schlesinger (19 78) 
used a hollow cast model of the human larynx-tracheobronchial 
tree and found that most of the enhancement of particulate 
material due to electrostatic charges, occured within the 
larynx and trachea.
The size of particle within an aerosol is known to affect 
the distribution of deposited particles. Smoke contains 
particles within the size range 0.1 - 1.0 /im, with a peak at
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0.2 jim, however coagulation may occur and after "aging" 
four minutes the peak shifts to 0.4 /m (Keith and Derrick, 
1960). This size range means that, In man, all particles 
are respirable i.e. capable of penetrating to the alveoli. 
Little data is available about the influence of size on the 
distribution of particle- deposition in the rat. However, 
larger particles are generally considered to be predominantly 
deposited in the nose and larynx, whereas smaller particles 
are able to penetrate to the lung parenchyma.
Few workers have specifically investigated the larynx, 
in terms of particulate deposition. Thus, Schreider and 
Hutchens (19 79) studied particle deposition in guinea pigs, 
but only measured two sites: nasopharyngeal-tracheobronchial; 
and pulmonary. However, Raab,Yeh, Newton, Phalon and 
Velasquez (19 77) investigated rat latyngeal 
particle deposition. They found that although the larynx 
only retained a small percentage of the total deposited 
particulate, when compared with the trachea the values were 
usually higher, e.g. in rats for particles 1.04 jLim diameter 
10 x more were deposited in the larynx than trachea. 
Calculation or measurement of the amount of deposition in 
the regions of the respiratory tract should be expressed in 
terms of their surface area, as depositions per unit area is 
logically a most important factor in determining the degree 
of toxic damage to the underlying epithelia. Thus, the high
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deposition usually recorded in the pulmonary region can 
be misleading unless interpreted in terns of its high surface 
area, and more importantly the relatively low deposition in 
the larynx becomes more significant when expressed in terms 
of its low surface area. Other workers (Kendrick et al, 1976) 
have expressed deposition in terms of weight of the organ 
(region), but this is misleading as the larynx is relatively 
heavy when compared to the alveolar region. Dontenwill (1970) 
compared the deposition of l ^ C - l a b e l l e d  particles of smoke 
in the nasal cavity, larynx, trachea and lungs, and 
demonstrated that the amount of deposited particulate did not 
correspond with the surface area of the particular region.
The amount of particulates deposited in the larynx was 
significantly increased, far more than would be expected for 
its small surface area. Thus, it is not surprising that the 
larynx rapidly undergoes hyperplasia and metaplasia after 
tobacco smoke exposure.
Metaplasia may be defined as the transformation of 
one well-defined type of epithelium to another well- 
defined type (Greisen,19 70). Squamous metaplasia is 
believed to be able to develop into squamous neoplasia 
through stages of atypical change and carcinoma-in-situ.
An atypical epithelium is hypercellular and consists of 
polymorphic cells, with hyperchromatic nuclei, in 
carcinoma-in-situ the cellular atypia is more pronounced
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and occurs at all layers of the epithelium. The cells 
resemble those of carcinoma, but there is no invasive 
growth CGreisen, 19 70).
If the factors, e.g. irritants, producing metaplasia 
are not combined with carcinogenic agents which produce 
atypical cells, there is no risk of the development of 
carcinoma (Greisen, 19 70). The risk of malignant alteration 
increases with the extent of the metaplastic changes 
because metaplastic epithelium is more susceptible to 
carcinogenic influences than normal respiratory epithelium 
(Greisen, 19 70). However, if the irritant is combined 
with a carcinogen, neoplasia may occur. True atypical 
epithelium is virtually never encountered in normal 
respiratory epithelium, whereas atypical changes are 
more frequently seen, focally in areas of widespread 
metaplasia CNasiell, 1968). Metaplasia of bronchial 
epithelium(and atypia) were found more frequently in cases 
of squamous carcinoma than in non-neoplastic cases (Nasiell, 
1968).This association suggests that metaplasia constitutes 
the basis for the develolment of squamous carcinoma 
(Nasiell, 196 8).Metaplasia possibly enhances the carcino­
genic risk, as in deciliated areas the transport of mucus 
is slow, which allows prolonged exposure of underlying 
cells to any inhaled carcinogens trapped in the mucous 
blanket (Hilding,1957? Kotin,Courington and Falk,1966).
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Kotin, Courington and Falk (1966) described the 
theoretical pathogenesis of carcinogenesis in a ciliated' 
mucus-secreting epithelium and suggested that a sequence 
of events involving hypersecretion, desquamation down 
to the basal cells, followed by regeneration, were 
involved. They suggested that this sequence allowed 
carcinogens to act upon the basal cells, the required 
site for malignant transformation.
In the present experiments metaplasia readily 
occurred within the larynx following acute and sub-acute 
tobacco smoke exposure, but the sequences of changes 
leading to its development differed from that described 
by Kotin et al, (1966). Desquamation down to the basal 
cells, as suggested by Kotin et al,(1966) did not occur 
in either of the two mechanisms shown to lead to meta­
plastic transformation of laryngeal epithelia.
The term 1 slit-formation" was used by Nasiell (1968) 
to describe the slit found between the basal cells and 
the overlying columnar cells of the bronchial epithelium 
in human smokers. He regarded this as an indication of 
the mode of origin of metaplastic epithelium, other than 
the continuous diffuse transformation via basal cell 
hyperplasia. In the present study slit-formation was 
confined to the ventro-lateral regions of level A
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(respiratory epithelium) and appeared as degenerating 
surface cells separeted from underlying squamous and 
basal cells by a horizontal slit within the epithelium
i.e. the metaplastic squamous epithelium was present 
underneath the original epithelial cells. After 
desquamation, of the original epithelial cells (in a 
sheet) a metaplastic epithelium remained. Nasiell (196 8) 
considered that this process occured after a destructive 
action which caused rapid degeneration of the surface 
cells, and rapid proliferation of the basal cells with 
almost immediate squamous differentiation. He also 
described an alternative sequence which he termed a 
"diffuse reconstructural process", by which the respiratory 
epithelium gradually transforms, via hyperplasia, into 
a metaplastic form. It would appear that this second 
process is similar to that observed in the present study 
in the cuboidal epithelium of the ventro-lateral region 
of level B. Slit-formation was not observed in this 
epithelium and squamous cells were not present under the 
original surface cells, i.e. squamous cells only developed 
after loss of, or by transformation of the original 
surface cells, and was preceeded by hyperplasia. Desquamation 
of the original cuboidal cells usually occurred singly, 
and in many cases, particularly rats from the low dose 
group, original surface cells appeared to undergo squamous 
transformation themselves. This indicates that tobacco 
smoke only caused a slight effect on most cuboidal cells,
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and that they were able to adapt and respond to the insult 
by undergoing transformation into a more resistant type 
of cell. Thus, the development of squamous metaplasia 
occurs by a different sequence of events in the two 
epithelial types. These sequences are summarised in 
Figure 98 and illustrated diagrammatically in Diagram'50. 
The differences in response between respiratory and 
cuboidal epithelia probably reflect differences in 
sensitivity or resistance of these epithelial types: 
the respiratory cells undergo rapid degeneration, whereas 
the cuboidal cells adapt to the insult by undergoing 
squamous transformation. It is of interest to compare, 
at this point, the ultrastructural characteristics of 
the mid-position cells of squamous epithelium with the 
cells of the cuboidal epithelium. In fact, there is little 
difference between the cells from these two sites, which 
suggests a possible explanation for the absence of 
widespread degeneration in the cuboidal epithelium.
That is, metaplasia occurs simply by differentiation of 
the mid-position and in some cases of surface cells of 
the original cuboidal epithelium.
This transformation of non-ciliated cells into 
squamous cells is perhaps less surprising when it is 
remembered that tonofibrils, the characteristic component 
of squamous cells, are normally present in cuboidal cells. 
A similar, but more surprising transformation of goblet 
cells into squamous cells was described by Wang, Huang 
and Thurlbeck (1972), as an initial change in the
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Diagram 50.
Diagrammatic representation of sequences of changes leading 
to metaplasia from respiratory and cuboidal epithelia.
Respiratory Cuboidal
Slit-formation Basal hyperplasia
Squamous Metaplasia Hyperplasia
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metaplastic process. They considered that metaplasia 
could thus be regarded as an intracellular process.
The ultrastructural changes encountered in ciliated 
cells of smoke-exposed rats from the present studies, are 
similar to those described by Trump and Ginn (1969) who 
investigated the pathogenesis of subcellular reactions to 
lethal injuries. Trump and Ginn described a consistent 
pattern of ultrastructural change:
:Ci) the cell membrane exhibited marked changes, such 
as loss of microvilli and formation of large membranous 
"blebs", interruption in continuity, formation of membranous 
whorls and loss of integrity of junctional complexes;
(ii) the mitochondria usually showed marked swelling; 
<fiii) the endoplasmic reticulum showed changes which 
included dilatation and fragmentation of cisternae and loss 
and dissociation of ribosomes;
(iv) the formation of autophagic vacuoles;
(v) the cytoplasm illustrated autolytic digestion, 
with loss of density.
In conclusion, Trump and Ginn (1969) suggested the 
presence of a common pathway following a variety of lethal 
injuries and stressed the importance of the plasma membrane, 
in the development of subsequent ultrastructural changes. 
These changes may be regarded as morphological manifestations 
of biochemical lesions and thus the changes may be discussed 
in terms of cellular metabolism.
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Most insults which ultimately lead to cell death usually 
initially affect the cells energy source and/or the cell 
membrane (Trump and Ginn, 1969). Mitochondrial swelling, 
a common form of injury, has been observed in a variety of 
pathological tissue injuries, and is due to the entry of water 
into the organelle. The swelling is due to supression of 
Adenosine..triphosphate (ATP) production, which causes "a. failure 
of the ATP dependent sodium pump,at the cell membrane, which in 
turn results in the influx of water. This influx causes 
expansion (swelling or dilatation) of some intra-cellular 
compartments, e.g. mitochondria, endoplasmic reticulum and 
nuclear cisternae. Dilatation of the endoplasmic reticulum 
and swelling of mitochondria constitute the change referred 
to as "cloudy swelling" by light microscopy. The endoplasmic 
reticulum changes result in decrease or cessation of protein 
synthesis and loss of specific enzyme activities, such as 
glucose-6-phosphatase. With these changes in cytoplasmic 
organelles, autophagocytosis may be stimulated (shown to be 
independent of protein synthesis by Trump and Ginn, 1969). 
Cytoplasmic lysis or autolytic degeneration due to release of 
lysosomal hydrolases may also occur and bring about total 
necrosis. The generalised ultrastructural features of cell 
degeneration are reviewed by Trump and Arstila (19 75) and 
described individually by Ghadially (19 75).
There have been few reported ultrastructural studies of 
the early changes following -tobacco smoke exposure and none
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have involved the laryngeal epithelia. However, similar 
findings to those described in ciliated cells of the present 
study were described by Davies and Kistler (19 75) and 
Kennedy and Allen (19 79) after short-term exposures in 
organ culture. They reported: enlargement of intercellular 
spaces; rupture of junctional complexes; bulbous luminal 
projections; swollen cilia; swollen mitochondria; and 
cytoplasmic vacuolation. Thus, it would appear that the 
changes observed are a consistent result of smoke-induced 
injury and not specific to the larynx. It is also of interest 
that similar changes were observed under in vitro and in vivo 
conditions.
The rapidity with which metaplasia occurs within the 
laryngeal epithelia, following tobacco smoke exposure, is 
perhaps surprising and indicates the sensitivity of this 
organ to tobacco smoke. Measurement of the mitotic rates 
emphasised the rapid onset of the hyperplastic response, with 
up to 40% of the total epithelial cell population undergoing 
mitosis at three days. Not surprisingly the greatest increases 
in mitotic rates occured at those sites which illustrated the 
most severe pathological lesions, i.e. the ventro-lateral 
regions of levels A and B. However, even those sites at which 
pathological lesions were not detected, e.g. the ventral pouch, 
illustrated slight increases in mitotic rates. This indicates 
that tobacco smoke does affect these sites, but the effects 
are slight, short lived and the response undetectable by
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conventional histological methods. In those sites at which 
high mitotic rates were recorded in the first three days 
of exposure, the distribution of mitotic cells varied from 
that normally encountered. A high percentage of the mitotic 
cells were not in contact with the basement membrane, but 
occupied the "mid-position" of the epithelium. This indicated 
that in the proliferative response the number of "mid-position" 
cells (i.e. not in contact with the basement membrane) which 
undergo mitosis increases considerably. This is probably due 
to the previous mitoses and hyperplasia by which basal-type 
cells occupy the basal and mid-position of the epithelium.
In the more superficial layers in which the metaplastic r. 
cells were more differentiated, no mitoses were seen. After 
the initial marked rise in mitotic rates, in which the 
hyperplastic and metaplastic changes occurred, the level 
of mitosis decreased considerably, and remained relatively 
constant, slightly above that of the controls. This 
indicates that after the initial rapid proliferation the 
rate of cell division becomes stable for the new epithelial 
type and does not undergo further increases, despite 
continued smoke exposure. Although a higher mitotic rate 
may be regarded as protective and therefore beneficial 
in that it maintains epithelial continuity, it should 
be remembered that increased mitoses may increase the 
susceptibility of an epithelium to neoplastic change.
This is because any carcinogen to which the epithelium 
is subsequently exposed would affect increased numbers of 
dividing cells (Bolduc and Reid, 19 76).
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With conventional light microscopy capillaries 
were seen apparently within the we11-developed, 
undulating squamous metaplastic epithelium of some areas. 
Transmission electron microscopy clearly demonstrated 
that the capillaries were not in fact completely 
surrounded by the epithelial cells, but were between wedges 
of basal cells. The most likely explanation for the 
production of this relatively unusual feature, is the 
downgrowth of basal cells. Following the development of 
a metaplastic epithelium in which the basement membrane, 
although tortuous, follows approximately the same course 
as that of the preceeding respiratory epithelium, there 
is a further (continued) proliferation of basal cells 
which grow down into the lamina propria, pushing the 
basement membrane with them. These downgrowths surround 
the capillaries which would appear to,remain' 
in situ. The reason for the downgrowth is unknown, but 
there are two immediate possibilities:
i). the overlying metaplastic cells may be r 
relatively resistant to further movement and the continued
proliferation of basal cells is forced downward;
ii).with the proliferation of epithelial cells 
the metabolic requirements of the epithelium probably 
increases considerably. It is possible that the downgrowth 
of the epithelium, which results in a close proximity
of cells to capillaries, is in response to this requirement.
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It should be noted that although there are downgrowths 
of epithelial cells into the subjacent lamina propria, these 
do not constitute, in any way, invasive neoplasia. The 
epithelial downgrowths were always enclosed by the basement 
membrane and no evidence of atypia, dysplasia or carcinoma 
in situ, was present.
An alternative explanation for the presence of 
capillaries surrounded by epithelial cells,is epithelial 
vascularisation.
In the vascularisation process associated with wound 
healing, the stimulus for ingrowth of capillaries is thought 
to be the relative hypoxia within the exudate and necrotic 
tissue (Woolf, 19 77). As in the present example,no necrotic 
tissue was present at this stage of the reaction, it appears 
unlikely that vascularisation of the epithelium had occured. 
However, it is possible that the marked proliferation of 
epithelium does result in a degree of hypoxia and thus the 
possibility of epithelial vascularisation cannot be 
completely ruled out.
The failure of the metaplastic change to develop or 
progress towards neoplasia (i.e. no atypia or carcinoma in 
situ) after chronic tobacco smoke exposure requires discussion 
as theoretically all the requirements for tumour development 
were present. That is, an irritant:capable of causing 
degenerative changes combined with carcinogen exposure would
-236-
be considered likely to lead to neoplasia. The most likely 
explanation for lack of neoplastic progression is that the 
dose of carcinogen in the tobacco smoke was insufficient to 
initiate carcinogenesis. It was not possible to increase 
the dose of tobacco smoke as survival time would have 
been decreased (the male rats had to be terminated at twenty 
months with the standard dose). In chronic hamster studies 
reported in the literature (Dontenwill, Chevalier, Harke, 
Lafrenz, Reckzeh and Schneider, 19 73; Bernfeld, Homburger 
and Russfield, 1974; Homburger, 19 75; Homburger, Soto,
Althoff, Dalquen and Heitz, 19 79)in which tobacco smoke 
induced neoplasia, the advantage of hamsters appears to be 
their ability to tolerate higher doses of smoke and thus 
of carcinogens than rats. Another possibility 
is that the hamster is more susceptible to the development of 
neoplasia than the rat. Reports of spontaneous (non- 
experimentally induced) laryngeal tumours have not been 
traced in either species; therefore, the tobacco smoke induced 
tumours in hamsters are unlikely to represent an exacerbation 
of a background lesion. An example of this type of 
exacerbation occurs when some strains of mice are exposed to 
smoke which results in an increased incidence of pulmonary 
adenoma and adenocarcinoma (Leuchtenberger,et al, 19 70). The 
significance of this type of change is difficult to interpret 
and it can be argued that the strains of mice should not be 
used for inhalation studies (Pike and Roe, 1967). In
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opposition to this view is the possibility that weakly 
neoplastic compounds could be detected by their effect on 
tumour incidence.
Because of the frequent association between neoplasia 
and metaplasia in inhalation carcinogenicity studies (i.e. 
squamous metaplasia is usually reported to occur before 
neoplasia) the 'significance of squamous
metaplasia in acute and sub-acute toxicity, as well as in 
chronic carcinogenicity studies, is difficult to assess.
A wide range of pharmacologically active compounds intended 
for use by the inhalation route have been found to produce 
squamous metaplasia in the ventro-lateral region of level A 
(unpublished observations) . In view of the fact 
that most of these compounds produced the change in acute 
studies, the metaplasia is considered unlikely to represent 
a potentially neoplastic condition. However, the view of Greisen 
(1970) that metaplastic•epithelium is more susceptible to 
carcinogenic influences than normal respiratory epithelium 
is a problem. It should also be remembered that both vitamin 
A deficiency (Wong and Buck, 19 71) and in some cases bacterial 
and viral infections are able to produce squamous 
metaplasia of respiratory epithelium. In these cases metaplasia 
is clearly not a premalignant condition, although once again 
the type of epithelium produced may be more susceptible to 
later neoplastic transformation on exposure to a carcinogen.
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There was little evidence of progression or regression of 
the tobacco smoke induced pathological changes during the 
course of the chronic 2-year study, i.e. the incidences 
and severity of the lesions were similar at 12, 20 and 2 4 
months. In fact there was little difference between 
animals examined after 10 days exposure and those from the 
termination of the chronic 2-year experiment. It would 
appear that under the conditions employed, especially 
dosing regime, it is not possible to produce neoplasia of 
the larynx, in the rat, by exposure to tobacco smoke and 
that in the absence of any indication of progression, the 
metaplasia produced probably merely represents a response 
to irritation. A useful addition to the 2-year study would 
have been the inclusion of a recovery period at the end of 
the experiment. This would have determined conclusively 
whether the metaplastic epithelium was irreversible or not; 
reversibility of the lesion would have shown that it was 
unlikely to be a definite preneoplastic change.
Most laryngeal and bronchogenic carcinomas in man, 
as well as those induced in animal models, are squamous in 
type. Therefore, they either originate from areas of 
squamous metaplasia, or areas normally occupied by squamous 
epithelium, or else from cells which undergo a metaplastic 
squamous differentiation while they become malignant 
(Saffiotti, 1969). It has been known for some time that
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the respiratory or squamous differentiation of an epithelium 
may be changed, especially by control of vitamin A levels 
(Wong and Buck, 19 71; Barnett and Szabo,19 73; Luca, Maestri, 
Bonanni and Nelson, 1972). Control of the respiratory to 
squamous differentiation is a factor which appears capable 
of modifying the susceptibility of an epithelium to 
carcinogens (Saffiotti, 1969). Saffiotti,Montesano, Sellakumar 
and Borg (1 9 6 7 ) and Saffiotti, Montesano and Sellakumar 
(196 7) investigated the mechanisms controlling the initial 
metaplastic change, by use of prolonged administration of 
excess vitamin A. They found a marked reduction in the 
incidence of carcinogen-induced squamous metaplasia and of 
neoplasia. These findings suggest that if squamous metaplasia 
can be prevented the likelihood of neoplasia is decreased.
This may have some significance in cancer prevention' 
(Saffiotti, 1969) and suggests a more sinister7role'of 
metaplastic transformation.
Unfortunately, in the present 2-year tobacco smoke 
experiment there were insufficient survivors to allow 
larynges to be examined by electron microscopy, as was 
originally hoped. In view of the uncertain significance 
of the metaplastic epithelium produced by tobacco smoke 
exposure i.e. preneoplastic or not, it was considered 
of value to compare the ultrastructure of this squamous
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epithelium with that of squamous neoplasms. In the absence 
of induced tumours in the present work, the ultrastructure 
of the rat laryngeal squamous metaplasia produced after 
lO-weeks tobacco smoke exposure was compared with that 
of neoplasms described in other work. It would appear 
logical to assume that at least some of the ultrastructural 
differences between squamous metaplasia and squamous 
neoplasia, are changes which take place during the trans­
formation of the former into the latter. For this purpose 
the present observations were compared with two series 
°f findings:
i). the ultrastructure of squamous neoplasms 
produced in rat bronchial epithelium after exposure to 
3,4 Benzo(a)pyrene (unpublished observations);
ii). the ultrastructure of human laryngeal 
squamous neoplasms and preneoplastic changes (Sugar and 
Farago,1966; Sugar,1968).
In the case of benzo(a)pyrene induced tumours,it 
was found that in papillomata the intercellular spaces 
were generally narrow, with numerous desmosomes, but in 
focal areas desmosomes were totally absent. Numerous, 
bulbous projections from basal cells passed through gaps 
in the basal lamina. These projections were devoid of 
major organelles and probably represented early invasive
growth.. In squamous carcinoma, intercellular:.spaces became 
grossly dilated with reduced numbers of desmosomes, the
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mitochondria were markedly swollen and the basal lamina, 
when present and identifiable, was grossly thickened with 
numerous gaps. Sugar and Farago (1966) and Sugar (1968) 
found early invasive growth, characterised by basal cell 
projections passing through gaps in the basal lamina in 
precancerous lesions: including papillomata, pachydermia, 
leukoplakia, senile keratoma and keratoacanthoma. They 
referred to this phenomenon as "micro-invasion at the electron 
microscope level". In invasive carcinoma there was massive 
destruction of the basal lamina. Sugar also found that in 
neoplasia there was a "loosening-up" of cell- connections 
and considered that dilatation of intercellular spaces 
played an important part in starting the initial stages 
of invasive growth.
In comparison, the metaplastic epithelia observed in 
rat larynges in the present study did not show these types 
of change. In particular, the basal lamina, although tortuous, 
was intact. Although the intercellular spaces were wide 
(prior to keratinisation) they were not as grossly dilated 
as in carcinomas, and the number of desmosomes was greater. 
Therefore, in conclusion, there is no ultrastructural 
evidence that the metaplasia induced in rat laryngeal 
epithelium, by tobacco smoke, is in any way similar to 
premalignant or malignant changes.
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It is difficult to express the levels of smoke 
exposure to which rats, in the present studies were 
subjected, in terms of human smoking. The number of 
cigarettes used to generate the smoke concentration 
within the rodent smoking machine is not comparable 
with the number smoked by humans. In addition the 
rats were exposed to a relatively high concentration 
for only brief periods per day, whereas a heavy 
smoker may be exposed for much of the daytime.
However, one parameter which does allow a com­
parison is the carboxyhaemoglobin (COHb) level. This 
is considered to reflect the degree of inhalation in 
human smokers as carbon monoxide is poorly absorbed by 
the mouth (Report of the U.S. Surgeon General, 1979). 
The C0Hb levels found in rats after 1 year tobacco 
smoke exposure are given below:
COHb (% Hb)
Group Means of 5(5* and 5?/Groups
Group Within 2 Mins, 
of Exposure
1 Hour After 
Exposure
Control 0.4 0.45
Low Dose 
Tobacco Smoke 10 3.4
High Dose 
Tobacco Smoke 22 6.6
Source : P.E. Owen and L.M. Cobb (personnal communication,
1979).
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In comparison, a COHb level of 4% has been recorded 
for heavy smokers and a considerably higher level (7.4%) 
found in blast-furnace workers who were also heavy smokers 
CReport of U.S. Surgeon General, 19 79). From these figures 
it can be seen that exposure of rats in the present study 
produced a far higher COHb level, than that found in 
human smokers. However, whereas in the rats the CoHb 
level had decreased markedly by 1 hour,after exposure, 
in humans it could be expected to remain relatively 
constant during waking hours, due to the continued 
exposure. In this context Goldsmith, Terzaghi and Hackney 
(196 3) have shown that a smoker is exposed to 475 ppm 
of carbon monoxide for approximately 6 minutes/cigarette.
Comparison of results from the present studies in rats 
with those reported in human smokers reveals a good correlation. 
Epithelial hyperplasia, keratinisation and squamous metaplasia 
are a common finding in larynges from human smokers (Ryan, 
McDonald and Devine, 1955; Jackson and Norris, 1963; Auerbach, 
Hammond and Garfinkel, 19 70) and were also widely found in 
rats from both acute and chronic tobacco smoke exposure 
studies in the present work. Therefore, the rat larynx, with 
the tobacco smoke exposure regime employed, may be used as a 
model for the assessment of risk from tobacco smokes to man.
CHAPTER 5
SOME INVESTIGATIONS INTO THE MECHANISM(S) OF TOBACCO 
SMOKE-INDUCED CHANGES IN RAT LARYNGEAL EPITHELIA
-245-
INTRODUCTION
Having demonstrated that ultrastructural lesions were 
present after an overnight "recovery period" from a single 
smoke exposure, it was decided to investigate the pathogenesis of 
these lesions. In view of the rapidity with which the 
lesion occurred, it was necessary to perform the investigations 
immediately after a single smoke exposure, i.e. as the 
animals were removed from the smoking machine. This was 
designed to allow detection of changes which occurred 
prior to the development of ultrastructural lesions. Thus, 
any changes detected could be considered to be involved in 
the development of the ultrastructural lesions. It was 
intended to establish reasons for the different responses 
of laryngeal regions and epithelial types, i.e. to compare 
changes which preceded the degeneration and subsequent 
metaplasia in the ventro-lateral region of level A; the
metaplasia of the cuboidal epithelium in level B; the
■,/
hyperplasia of the squamous epithelium over the arytenoid 
projections; and the lack of change at level D.
Many of the experiments and investigations were 
conceived, designed and performed in view of, and to 
further investigate, the results and findings of previous 
experiment(s). However, for clarity, each experiment is 
described separately. The experiments were performed
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at least twice to ensure reproducibility and therefore 
reliability of results. However, only the results of
one experiment are reported, except where discrepancies 
were found.
The following experiments were performed:
(i) Effect of tobacco smoke exposure on histo-
chemically demonstrable reduced gLutathione in 
laryngeal epithelia.
(ii) Effect of tobacco smoke exposure on histo- 
chemically demonstrable glucose-6-phosphate 
dehydrogenase activity in laryngeal epithelia. 
(iii) Effect of tobacco smoke exposure on histo-
chemically demonstrable adenosine triphosphatase 
activities in laryngeal epithelia.
(iv) Effect of tobacco smoke exposure on lipid
peroxide production in laryngeal epithelia.
(v) Effect of tobacco smoke exposure on the
permeability of laryngeal epithelia to exogenous 
. horseradish peroxidase, in vivo.
(vi) Development of an in vitro model for the
investigation of permeability of laryngeal 
epithelial intercellular spaces to horseradish 
peroxidase.
(vii) Effect of experimental depletion of reduced 
glutathione on permeability of laryngeal 
epithelial intercellular spaces to exogenous 
horseradish peroxidase.
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(viii)
(ix)
(x)
(xi)
Effect of cytochalasin-induced microfilament 
disorganisation on permeability of laryngeal 
epithelial intercellular spaces to exogenous 
horseradish peroxidase.
Effect of colchicine-induced microtubule 
disorganisation on permeability of laryngeal 
epithelial intercellular spaces to exogenous 
horseradish peroxidase.
Effect of experimental calcium depletion on 
permeability of laryngeal epithelial inter­
cellular spaces to exogenous horseradish peroxidase. 
Effect of exogenous histamine and endogenous 
histamine release by compound 48/80 on per­
meability of laryngeal epithelial intercellular 
spaces to exogenous horseradish peroxidase.
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(i) Effect of tobacco smoke exposure on histochemically
demonstrable reduced glutathione in laryngeal 
epithelia.
INTRODUCTION
Many cellular metabolic processes and toxic 
compounds produce oxidative substances and 
free radicals which are injurious to the cell. 
Some of the most common targets for these 
substances are membrane lipids and the sulphydryl 
residues of proteins ( De Brabander, Van Belle, 
Aerts, Van de Veire and Geuens, 1979). One 
of the most important protective mechanisms 
against oxidative necrosis is the glutathione 
system (Arias and Jacoby, 1976). Most cells
maintain a high level of reduced glutathione 
-3M
(GSH), + 1 0  ( De Brabander et a1 ,'1979).
Because of the potential importance of 
glutathione in the protection against cell 
necrosis the effect of tobacco smoke exposure 
on the levels of GSH in laryngeal epithelia was 
assessed. Until recently, it was not possible 
to demonstrate reduced glutathione (GSH) histo­
chemically , although methods for the demonstration 
of sulphydryl and disulphide groups have been
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available for many years (Barnett and Seligman, 
1954; Bahr and Moberger, 1958? Bahr, 1966). The 
mercury orange £l-(4-chloro-mercury-phenylazo)-2- 
naphtholj technique, introduced by Bennett and 
Yphantis (1948) , is specific for sulphydryls 
(Chayen, Bitensky and Butcher, 1973), and has 
been extended to become a quantitative method 
(Bahr, 1966) . Asghar, Reddy and Krishna (1975) 
demonstrated that the rate of reaction of mercury 
orange with the -SH groups of GSH is considerably 
faster than that with protein - SH groups. These 
workers considered that GSH could be stained 
specifically with a short staining period (as 
used in the present study).
EXPERIMENTAL PROCEDURE
In order to investigate the effect of tobacco 
smoke on laryngeal epithelia, the mercury orange 
histochemical method for the demonstration of 
reduced glutathione - SH groups (See Materials 
and Methods for details) was used. It was 
initially assessed on larynges from five control 
rats and after satisfactory results had been 
obtained, the effect of tobacco smoke was invest­
igated. Ten male rats were exposed to 3% v/v
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tobacco smoke (See Materials and Methods) for 
10 minutes. After this minimal period two rats 
were removed from the smoking machine and killed 
immediately. Exposure was continued for the 
remaining rats while the' larynges from these first 
animals were quickly removed and snap- 
frozen. Then, two more rats were removed and so 
on. The last two animals were exposed to tobacco 
smoke for approximately 30 minutes. Frozen 
sections from the 10 test and 5 tube-control 
rats were cut in random order and stained for 
reduced glutathione (See Materials and Methods). 
Because of the difficulty in identifying the 
different levels of the larynx in a frozen block 
of tissue and frozen sections themselves, 
demonstration and investigation of GSH activity 
was limited to well-defined sites. In practice 
it proved impossible to consistently distinguish 
between the ciliated epithelium in the ventro­
lateral aspect at level A and the cuboidal 
epithelium in the ventro-lateral aspect at level B. 
This was due to the lack of clarity,and absence of 
counterstain in the frozen sections. Therefore, 
the comparisons were limited to:the ventro-lateral 
of levels A and B combined; the respiratory 
epithelium of level D; and the squamous epithelium 
over the arytenoid projections. Another restricting
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factor was the finding, during the preliminary 
investigation, that the frozen sections must be 
placed in the staining solution immediately 
after being cut and not allowed to air-dry 
for a brief period, as in conventional histo- 
chemical techniques. Thus, the staining period - 
critical in a quantitative study, was carefully 
timed for each individual section. The sections 
were initially coded, assessed qualitatively in 
random order and the amount of orange-red 
granular reaction product in epithelia of 
different areas recorded as +, ++, +++. Later, 
the reaction product was measured with a Vickers 
M85 scanning microdensitometer (See Materials 
and Methods).
RESULTS
The laryngeal sections were stained a light red- 
orange colour. The staining was weak throughout 
but more intense in the epithelium than the 
lamina propria or musculature. Occasional 
intensely stained cells were present in the 
lamina propria.
By subjective evaluation of the control and 
smoke exposed larynges (in random order), it was
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suspected that the control animals were slightly 
more intensely stained but, as there was some 
variation in intensity between animals of the same 
group and the staining was only weak, it was 
decided to attempt to quantify the staining 
intensity to confirm this finding.
Quantification by microdensitometry (also in 
random order) confirmed the decrease staining 
intensity in tobacco smoke exposed rats in 
both the ventro-lateral region, and arytenoid 
cartilages (Table 14 and Fig ' . 9 9  ) but not at
level D.
Statistical analysis f with t-test and standard 
errors (Table 1 4  and Fig-99 ) revealed that
there were significant changes in both the 
ventro-lateral (p <0.05) and in the arytenoid 
(p <0.5) regions compared with control rats.
Although some of the animals were exposed to 
tobacco smoke for 3 times as long as the others 
(30 minutes as opposed to 10 minutes), there was 
no detectable trend in the quantitative density 
measurements between exposure times.
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CONCLUSION
A single tobacco smoke exposure caused a statist­
ically significant decrease in histochemically 
demonstrable GSH in some laryngeal epithelia.
TABLE 14
Quantification of histochemically demonstrable reduced 
glutathione in laryngeal epithelia - effect of tobacco smoke.
Rat
No. Group
Exposure
Tine
Arbitrary Density Units
Ventro-lateral ArytenoidCartilages Level D
Tube-ccntrol
534
635
713
\ 638' 459'-
586 501
>.621 878 .►716 495/
684 734
/ 793 „ 651*
> 568
6
7
8 
9
10
11
12
13
14
15
Tobacco smoke 10 min.
i
^ 1 5  min.
I
^  20 min.
I
~  25 min.
I I
—  30 min.
4231
3 80J 402 
552
423
468
393
470
488
431
490510,
3851
431/408 J
402
552^477 "
511
7181 
476/597
1444
**
514
558 536
545
578
>607 
*
802^ 1 
poo797
660'I
585 623
595 } 547
5201
520
499/
t-test
** p <0.05
* p <0.50 when compared with 
respective controls
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Effect of tobacco smoke on histochemically demonstrable 
reduced glutathione in laryngeal epithelia,of the 
ventro-lateral (VL) region, arytenoid pro jections (ARYT), 
and level D. Group means of control(C) and tobacco smoke 
exposed (S) rats (i.S. E. ).
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(ii) Effect of tobacco smoke exposure on histochemically
demonstrable glucose-6-phosphate dehydrogenase 
activity in laryngeal epithelia.
INTRODUCTION
With the demonstration of a statistically signi­
ficant decrease in reduced glutathione in the 
laryngeal epithelia of smoke exposed rats, the 
possibility that this decrease is related to 
inhibition of the enzyme(s) (Fig.100) involved 
in the maintenance of GSH:GSSG levels was 
investigated.
Figure 100
OXIDISED
GLUTATHIONE
2NADPH
GLUTATHIONE
PEROXIDASE
AND
TRANSFERASE
r (GSSG) \
\ REDUCED 
GLUTATHIONE 
(GSH)
1
GLUTATHIONE
REDUCTASE
\
2NADP+
G-6-P DH
One of the major limiting factors in the use of 
histochemistry is the inability to demonstrate 
the activities of some types of enzyme. In the
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present study demonstration of glutathione 
reductase, glutathione transferase and glutathione 
peroxidase (Fig. 1 0 0 ) would have given useful 
information of the intracellular metabolic 
effects related to the decrease in reduced 
glutathione. Unfortunately, methods for the 
histochemical demonstration of the activities 
of these enzymes are not available. Thus, only 
one relevant enzyme was able to be investigated 
glucose-6-phosphate dehydrogenase.
EXPERIMENTAL PROCEDURE
The experimental design was as per the gluta- . 
thione study. . Frozen sections were 
incubated to demonstrate glucose-6-phosphate 
dehydrogenase activity (see Materials and Methods 
for details) and quantified with a microdensito­
meter. As there were no changes in GSH at level D, 
quantification of G-6-PDH activity was limited to 
the ventro-lateral and arytenoid regions.
RESULTS
There was a non-statistically significant decrease 
in G-6-PDH activity at both sites in the laryngeal
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epithelium of smoke exposed rats when compared 
to tube-control animals (Fig .1 0 1 ,Table 15 ). The 
smoke effect was not enhanced by increased time 
of smoke exposure (i.e. from 10 to 30 minutes)
In control rats there was greater activity in 
the squamous epithelium over the arytenoid 
projections than in the cuboidal epithelium of 
the ventro-lateral region of level B.
CONCLUSION
A single tobacco smoke exposure caused a marginal 
decrease in G-6-PDH activity in laryngeal 
epithelia.
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TABLE 15
Quantification of histochemically demonstrable glucose-6- 
phosphate dehydrogenase activity in laryngeal epithelium - 
effect of tobacco smoke.
Rat No. Group Exposure time Arbitrary Density Units
Ventro-lateral Arytenoid
1 Tube control - 277 297
2 It - = =
3- I! - 164 275
4 I - 389 396
5 I - 278
Me an: 2 77
331
Mean: 325
6 Tobacco smoke . 10 min. 254 > 254 262 j 262
7 I 10 min.
8 I — 15 min. 123 \ 146 
168 ;
149 | 184 
219 }9 I — 15 min.
10 I - 20 min. 276 \ 188 
100 '
261 \ 190 
119 '11 I 20 min.
12 1 — 25 min. 152 | 152 189 \ 189
13 1 — 25 min.
14 I — 30 min. 245 } 259 
273 }
Mean: 199
464 \ 356 
247 }
Mean: 2 39
15 I — 30 min.
=  Specimens damaged - Unsuitable for interpretation.
t -test: no significant differences
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Effect of tobacco smoke exposure on histochemically demonstrable 
G-6-PDH of the epithelium in the ventro-lateral (VL) region and 
over the arytenoid projections (+ SE).
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(iii) Effect of tobacco smoke exposure on histo-
chemically demonstrable adenosine triphos­
phatase activities in laryngeal epithelia.
INTRODUCTION
Cress, Spock and Heatherington (1965) found 
that after exposure to smoke they were unable to 
demonstrate adenosine triphosphatase (ATP'ase) 
activity in rabbit tracheal epithelia.
It was also considered possible that there 
was a link between the decreased GSH levels 
and ATP'ase activity in view of the know 
regulation of ATP'ases by GSH (Dikstein, 1972).
Oxidation of GSH causes inhibition of the Na+ ,
K+-activated ATP1ase associated with active
transport mechanisms. Wald, Czaczkes and Dikstein
(1972) found that addition of GSH increased the
2+activity of both the Mg -activated ATP'ase ana
the Na+ , K+-activated ATP'ase, but that although
2+GSSG increased Mg -activated ATP'ase it decreased
the activity of Na+ , K+-activated ATP'ase. However,
inhibition of both Na+ , K+-activated ATP'ase and
2 +to a lesser extent Mg -activated ATP*ase by GSSG
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has been shown by Dick, Dick and Tosteson 
(1969). Epstein and Kinoshita (1970) showed that 
glutathione is important for both active and 
passive transport in the lens of the eye, as 
when GSSG increased, active transport was inhibited, 
and passive permeability increased. Dikstein and 
Maurice (1972) found that GSH increased the 
efficiency of the endothelial pump, and Anderson, 
Fischberg and Spector (1973) reported that it 
prevented depletion of the cellular ATP. Dick,
Dick and Tosteson (1969) suggested that membrane 
changes were due to oxidation of -SH groups on 
the lens membrane which were susceptible when the 
GSH level was drastically reduced. It is 
relevant at this point to remember that ATP'ases 
have a -SH group, at their active site, which must 
remain in the reduced state for enzyme activity, 
and agents which react with -SH groups usually 
decrease the resistance or increase the passive 
permeability of membranes (Csazy, 1973).
Histochemically it is possible to' demonstrate 
the activities of 2 or possibly 3 types of ATP'ase. 
Chayen, Bitensky and Butcher (1973) quote 
methods for Ca -activated and Mg -activated 
types, but the validity of the method used to 
demonstrate the activity of Na+/K+-activated 
ATP1ase is somewhat controversial (Tormey, 1966). 
Ernst (1975) attempted to circumvent the 
criticism of this latter method by using a 
different approach, but he could not demonstrate 
inhibition of the activity by ouabain, in rat.
EXPERIMENTAL PROCEDURE
In the present study the methods for demonstration
++ ++ of Mg -activated and Ca -activated ATP'ases
described by Chayen, Bitensky and Butcher (1973) 
and the Na+/K+-activated ATP'ase described by 
Ernst (1975) were used. Quantitative measure­
ment (Tyas, 1978) was limited to the 
squamous epithelium over the arytenoid cartilages 
and the respiratory and cuboidal epithelia in the 
ventro-lateral region of levels A and B. The 
experimental design was as described for the 
glutathione study.
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RESULTS
1. Mg++-activated ATP 1ase
Strong activity (large amounts of reaction 
product) was present in the apical region of 
the cells in the respiratory epithelium 
(Fig.102). In squamous and cuboidal 
epithelia a minimal amount of reaction 
product was present, and occasionally 
appeared to delineate the cell membranes.. 
Quantification by microdensitometry (Table 16) 
showed that exposure to tobacco smoke (Fig 103) 
did not significantly affect the activity.• 
Inclusion of p-chloromercuribenzoate 
into the incubation medium inhibited the 
reaction.
2. Na+/K+-activated ATP 1ase
Weak activity was present in all epithelial 
types, Inclusion of ouabain in the incubation 
medium did not inhibit the reaction. There 
were no qualitative differences between 
control and tobacco smoke exposed rats.
++
3. Ca -activated ATP 1ase
Moderate activity was present in the apical 
region of the cells in the respiratory epi­
thelium with a weak reaction in squamous and
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cuboidal types. Quantification by micro­
densitometry (Table 17) showed that 
exposure to tobacco smoke did not significantly 
affect the activity. Inclusion of p-chloro- 
mercuribenzoate in the incubation medium 
inhibited the reaction.
CONCLUSION
A single tobacco smoke exposure did not affect 
the ATP'ase activities of laryngeal epithelia.
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TABLE 16
2 +Quantification of histochemically demonstrable Mg 
activated ATP'ase in laryngeal epithelia - effect of tobacco
smoke exposure
Rat
No. Group
Exposure
Time
Arbitrary Density Units
VL Arytenoid
1 Tube control - 2636 ' 1560s
2 I - 2634 1391
3 1 - 2672 >2577 1470 > 1455
4 !1 - 2439 1365
5 I - 2504 , 1488,
6 Smoke exposed 10 mins 3157 "1I 3157
1301* > 1301
7 1 1 =  Jr =  J
8 I ^lS mins 2206 '► 2206 1576'> 1554
9 I It 2206 j 1531,
10 If *^20 mins 2425 i 2425 1609'[ 1609
11 1 It = j = 41
12 I — 25 mins 2736 ^ > 2912 1278'I 1285
13 1 I 3088 j 1291,1
14 I *^30 mins 3204 ] 2840 1511*'i 1449
15 I I 2475 j 1386 I
Mean 2687 Mean : 1435
t-test: no significant differences
from control.
= specimen damaged, unsuitable for 
interpretation.
VL: ventro-lateral region of levels- 
A and B .
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Level A. Ventro-lateral region x 300
++Mg activated ATPase activity in respiratory epithelium 
of control rat. Activity is predominantly localised along 
the cilia surface, and the cell cytoplasm is devoid of 
reaction product.
Figure 103
Level A. Ventro-lateral region. x 300
Mg++ activated ATPase activity in respiratory epithelium 
of tobacco smoke exposed rat.
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. TABLE 17
2 +Quantification of histochemically demonstrable Ca -activated 
ATP*ase in laryngeal epithelia - effect of tobacco smoke.
Rat
No.
Group Exposure 
. Time
Arbitrary Density Units
VL Arytenoid
Tube control 1311
1382> 1260 
1087
813
764 ) 727
603
6
7
8 
9
10
11
12
13
14
15
Smoke exposed 10 mins
15 mins
=£=20 mins
—  25 mins
30 mins
1664*]
> 1664
1468
1191
1807'
1023
1629'
1706
1330
1415
> 1629
1569
1432 
Mean: 1490
1242
671
568
951
612
785
769
124;
620
782
785
832
894 
Mean: 812
t-test: no significant differences
from control.
=  specimen damaged, unsuitable for 
interpretation.
VL: ventro-lateral region of levels 
A and B .
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(iv) Effect of tobacco smoke exposure on lipid
peroxide production in laryngeal epithelia 
INTRODUCTION
Cigarette smoke contains large amounts of free 
radicals (Bluhm, Weinstein and Sousa, 1971;
Cooper, Forbes and Robinson, 1971) of varying 
half lives as well as highly reactive compounds 
such as oxides of nitrogen. Both of these types 
of substance could potentially induce peroxidation 
of unsaturated lipids in membranes (York, Pearce, 
Schwartz and Cross, 1976). Lentz and DiLuzio 
(1974) found that aqueous extracts of cigarette 
smoke induced peroxidation of unsaturated fatty 
acids present in alveolar macrophages. Although 
they were unable to identify the chemicals in 
smoke responsible, Lentz and DiLuzio'.s work 
showed that the components of smoke soluble in 
aqueous media (as are the oxides of nitrogen and 
free radicals) were responsible for the peroxidation. 
Further evidence for this hypothesis was gained 
from the finding that the antioxidants cysteine 
and glutathione retarded peroxidation (Fairchild, 
Murphy and Stokinger, 1959). Since peroxidation 
of fatty acids leads to production of lipid
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peroxides (Tan, Cortesi and Privett, 1974;
Cortesi and Privett, 1972; Olcott and Dolev,
1963; Bid]ack and Tappel, 1973) which are toxic, 
affecting the integrity of cell and subcellular 
membranes, it was tempting to speculate that 
they may have been at least partially responsible 
for the degenerative or adaptive responses of 
laryngeal epithelial cells in rats after 
tobacco smoke exposure.
Therefore, in order to investigate the hypothesis 
that tobacco smoke exposure results in toxic lipid 
peroxide production, two histochemical methods 
for the demonstration of lipid peroxides 
(Glavind, Granados, Hartmann, and Dam, 1949;
Feigl, 1954) as described by Pearse (1972) were 
used .
EXPERIMENTAL PROCEDURE
The histochemical techniques for the demonstration 
of lipid peroxides were applied to §<3 smoke exposed 
and 5c? control rat larynges. The rats were exposed 
for a single 20 minute period to 3% v/v smoke.
In addition to examining rats killed immediately 
after exposure, another 5c?1 s were allowed o v e r n i g h t
recovery. The second group was included as it 
was known that degenerative changes would be 
present at this time and lipid peroxides could 
have accumulated.
RESULTS
Both methods failed to reveal any evidence of 
lipid peroxides in the laryngeal epithelia 
from any site.
CONCLUSION
Under the conditions employed in this work, it 
would thus appear that lipid peroxides are not 
produced, in histochemically demonstrable 
quantities, following smoke exposure.
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(v) Effect of tobacco smoke exposure on the perm­
eability of laryngeal epithelia to exogenous 
horseradish peroxidase
INTRODUCTION
One mechanism which has been proposed to explain 
some of the effects of tobacco smoke on respiratory 
epithelium is the opening of tight junctions and 
penetration of toxic substances into the inter­
cellular spaces (Simani, Inoue and Hogg, 1974).
The assumption that intercellular junctions play 
a role in epithelial permeability can be traced 
to Bonnet (1895) and Zimmermann (1911) who 
suggested that junctional complexes may act as 
a diffusion barrier between the corresponding 
lumen and intercellular spaces. The terminal 
bar (Diagram 51) is composed of a tight junction 
(zorula occludens), an intermediate junction 
(zonula adherens) and a macula adherens or 
desmosome (Farquhar and Palade, 1963; Inoue and 
Hogg, 1974). Farquhar and Palade (1963) demon­
strated that the zonula occludens is the barrier 
which restricts the flow of tracers into the 
intercellular spaces. Tight junctions have
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Diagram 51
JUNCTIONAL COMPLEX
(Terminal bar)
ZONULA OCCLUDENS 
(Tight junction)
ZONULA ADHERENS
MACULA ADHERENS 
(Desmosome)
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also been reported to open as a result of 
tobacco smoke in human umbilical arterial 
endothelial cells (Asmursen and Kjeldsen, 1975). 
Simani, Inoue and Hogg (1974) demonstrated that 
the tracer, horseradish peroxidase (HRP), did 
not penetrate into the tracheal, bronchial or 
alveolar intercellular spaces of untreated guinea 
pigs, but that penetration did occur following 
exposure to tobacco smoke.
An experiment was therefore performed with the 
aims of investigating the permeability of HRP 
within the different types of laryngeal epithelia 
and assessing the effects of tobacco smoke exposure. 
With this latter aim it was also considered of 
interest to investigate two other potential features 
of intercellular permeability: firstly, is the
permeability transient, i.e. only occurring 
during or shortly after exposure; and secondly, 
in view of the previous finding that squamous 
metaplasia occurs after only a few days' tobacco 
smoke exposure, does HRP penetrate into the meta­
plastic epithelium?
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EXPERIMENTAL PROCEDURE
The experimental details are summarised in 
Table 18 . Both untreated control and tube 
control groups were included in order to 
ascertain whether the stress of being restrained 
in a tube could open the intercellular spaces.
RESULTS
Only areas of epithelium with superficial brown- 
black HRP reaction product were assessed as this 
indicated definite exposure to HRP. Superficial 
reaction product was, in fact, found in most 
areas (Fig. 104). A few ciliated cells in control rats 
illustrated an intense cytoplasmic staining.
In rats from the control and tube control groups 
no penetration of HRP into intercellular spaces 
of any epithelial type was seen.
Within the areas of respiratory epithelium in the 
ventro-lateral region of level A in those animals 
killed immediately after cessation of tobacco 
smoke exposure, electron-dense HRP reaction 
product was found in many ^ intercellular spaces(Figs. 
105&JL06) ... The reaction product was found at
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TABLE 18
Experimental design of HRP permeability study
Group Treatment Exposure When killed No. of rats
1 Control - Immediately after 5d
2 Tube control - exposure of 5o
3 Tobacco smoke
* i
1 day 1 test animals 5<3
4 Tobacco smoke
*11 day 2 hrs after 
exposure
5<3
5 Tobacco smoke
*1
1 day after over-night 
recovery
5c3
6 Tube control ]Immediately after 5(3
7 Tobacco smoke
*2 
5 days [last exposure 5(3
*1: a single 20 minute exposure to 3% v/v smoke. 
*2: 4 x 10 minute exposures/day to 3% v/v smoke.
-277-
all levels of the epithelium, between all cell 
types including basal , and adjacent to the basement 
membrane» However, no penetration was observed 
in respiratory epithelia from other regions of 
the larynx. Detailed examination of the tight 
junctions failed to reveal any morphological 
differences.
In animals treated with HRP 2 hours after smoke 
exposure, little reaction product was seen in the 
intercellular spaces. In animals killed after 
overnight recovery period many ciliated cells, in 
the ventro-lateral region of level A, demonstrated 
an intense, diffuse, cytoplasmic reaction (Fig.107 ) 
which obscured any penetration into the inter­
cellular spaces. ‘ The respiratory epithelium 
in level D did not illustrate this staining, nor 
penetration into the intercellular spaces.
In rats in which squamous metaplasia of formerly 
respiratory areas had occurred due to 5 days1 
exposure to tobacco smoke, there was no penetration 
of HRP into the intercellular spaces of the meta­
plastic epithelium (Fig.108) . In control and those 
tobacco smoke-exposed rats allowed to recover for 
2 hours and overnight, there was only superficial
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HRP in areas of cuboidal epithelium.In those animals 
killed immediately after cessation of tobacco 
smoke exposure, HRP reaction product was 
occasionally present in the intercellular spaces 
of the superficial cells (Fig 109} but only 
rarely was it observed to reach the basement 
membrane. No penetration of HRP into inter­
cellular spaces of smoke-induced metaplastic 
epithelium was seen.
No penetration of HRP into the intercellular 
spaces was seen in any area of squamous epithelium 
within the, larynx of any rat (Fig.110) . HRP 
was present along the epithelial surface and in 
some of the superficial cells which were in the 
process of degeneration and desquamation, in 
both control and tobacco smoke-exposed rats. In 
hyperplastic areas produced by 5 days1 tobacco 
smoke exposure no penetration of HRP was observed.
CONCLUSION
Under the conditions employed in this experiment, 
tobacco smoke caused a transient penetration of 
HRP into the intercellular spaces of the res­
piratory epithelium of level A. Little penetration
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was observed in other epithelial types. Ciliated 
cells in the ventro-lateral region at the base 
of the epiglottis illustrated a decreased HRP 
exclusion i.e. intense cytoplasmic staining, 24 
hours after tobacco smoke exposure.
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Figure 104
% <3V i j
w
Level A. Ventro-lateral region. ljum unstained i
HRP reaction product is present along the superficial 
margin of the respiratory epithelium of a control rat 
larynx.
Figure 105
Level A. Ventro-lateral region. lum unstained
HRP reaction product present within the intercellular 
spaces of respiratory epithelium of larynx from rat 
killed immediately after smoke exposure.
800.
x 300.
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Figure 106
• v  • :• • %vv •//.* &.*-
• ,#*/ ••• : *  **99 9 a
v  '*4vh
Level A. Ventro-lateral region. TEM unstained, x 5,700.
HRP reaction product (arrows), within the intercellular 
spaces of respiratory epithelium from larynx of rat 
killed immediately after smoke exposure.
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Figure 107
Level A. Ventro-lateral region. 1pm unstained, x 300.
HRP reaction product within ciliated cells from larynx 
of rat killed after overnight recovery from 1 day of 
smoke exposure. These densely stained cells are probably 
degenerate forms.
Figure 108
Level A. Ventro-lateral region. 1pm unstained. x 300
HRP reaction product confined to the superficial layer 
of a squamous metaplastic epithelium from a rat exposed 
to smoke for 5 days.
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Figure 109
Level B. Ventro-lateral region. TEM. x 5,700.
HRP reaction product confined to the intercellular spaces of 
the more superficial cells of cuboidal epithelium from rat 
killed immediately after a single exposure to smoke.
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Figure 110
Level A, Dorsal region. 1pm unstained, x 300
HRP reaction product confined to the surface layer of 
squamous epithelium of control rat.
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(vi) Development of an in vitro model for the invest­
igation of permeability of laryngeal epithelial 
intercellular spaces to horseradish peroxidase.
In order to investigate possible causes and 
mechanisms of the smoke-induced, ability of HRP 
to penetrate into the laryngeal epithelial inter­
cellular spaces, it was more convenient to try to 
adapt the in vivo method to in vitro conditions 
to give a more flexible technique. Therefore, 
larynges from 5 rats were dissected out, trimmed, 
and placed in a petri-dish containing Eagle's 
medium (see Materials and Methods) prewarmed to 
37°C and containing 60 mg/10 ml HRP, for 5 minutes. 
The larynges were incubated to demonstrate the 
exogenous peroxidase and then processed for electron 
microscopy.
One-pm survey sections revealed HRP within the 
•intercellular spaces of some regions in three 
animals. This was most commonly seen in areas of 
respiratory epithelium. HRP was also present in 
the lamina propria and musculature of the affected 
areas. It was suspected that this variability 
could be due to over-zealous trimming during 
dissection prior to incubation and that HRP was
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entering the intercellular spaces from the lamina 
propria side, not from the lumen. In addition, 
it was also considered likely that HRP had entered 
the lamina propria from the cut end of the larynx, 
where it had formerly joined the trachea. It was 
not unreasonable to assume that HRP could pass 
along the lamina propria which would explain how 
the respiratory epithelium was predominantly 
affected (as this epithelial type is mainly 
located at the tracheal end of the larynx at 
level D). Another possibility was that the 
trauma of dissection could cause opening of the 
intercellular junctions, similar to that following 
surgical procedures (Rhodes and Karnovsky, 1971).
To demonstrate that HRP could penetrate from the 
lamina propria into the intercellular spaces of 
the overlying epithelium, two additional rats 
were given an i.v. injection of HRP (12 mg/2 ml) 
in sterile isotonic saline. The rats were killed 
5 and 30 minutes later. Examinations of these 
sections confirmed that HRP could penetrate into 
the epithelial intercellular spaces from the blood 
vessels via the lamira propria. The effect was most 
marked in respiratory epithelia and least in 
squamous.
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Therefore, the initial experiment was repeated with 
6 further rats. This time, the larynges were not 
trimmed, or stretched and the trachea was left 
attached. Three of the larynges were immersed in 
the balanced Eagle's medium, but the other three 
were suspended by cotton thread into the solution 
preventing the solution entering the cut end of 
the larynx (i.e. they were suspended epiglottis 
down). Two larynges (one immersed and one suspended) 
were incubated for 5, another two for 10, and the 
remaining two for 25 minutes prior to addition of 
HRP for 5 minutes.
Penetration of HRP into the intercellular spaces 
was not observed in any of these rats. Therefore, 
under the described in vitro conditions the 
integrity of the intercellular spaces of the 
laryngeal epithelia could be maintained for at 
least 35 minutes.
Thus, it was then possible to investigate the 
mechanism of HRP penetration into intercellular 
spaces in vitro.
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(vii) Effect of experimental depletion of reduced
glutathione on permeability of laryngeal epithelial 
intercellular spaces to exogenous horseradish 
peroxidase.
INTRODUCTION
With the development of an in vitro model to 
investigate HRP penetration, it was decided to 
attempt to determine whether there was a link 
between the penetration of HRP into the inter­
cellular spaces in the laryngeal epithelia and 
the previously demonstrated decrease in reduced 
glutathione, after tobacco smoke exposure.
Evidence in support of this hypothesis was provided 
by McCarey, Edelhauser and Van Horn (1973) who 
found that addition of GSH to corneal endothelium 
in vitro maintained endothelial ultrastructure, 
whereas in the absence of GSH the intercellular 
spaces were grossly widened.
In the present investigation it seemed logical 
that if decreased GSH levels after smoke exposure 
were responsible for the penetration of HRP in the 
intercellular spaces, a similar effect should be 
observed after experimental GSH depletion.
-289-
Edelhauser, Van Horn, Miller and Pederson (1976) 
used diamide (azodicarboxylic acid-bis-dimethyl- 
amide), a thiol-oxidising agent which stoichio- 
metrically oxidises intercellular GSH to the 
disulphide (GSSG), and demonstrated that the 
ratio of reduced to oxidised glutathione in 
endothelial cells played a role in the maintenance 
of the endothelial barrier.
Boyland and Chasseaud (1970) compared the depletion 
of hepatic non-protein thiol levels (mainly GSH) 
by a number of carbonyl compounds and found that 
generally compounds that were good substrates for 
glutathione S-transferases also lowered liver GSH 
levels soon after intraperitoneal injection. They 
found diethyl maleate was the most potent as it 
reduced GSH levels to 10% of the control level.
In their histochemical study, Asghar, Reddy and 
Krishna (1975) found that diethyl maleate 
administration caused a complete loss of staining 
in the liver.
Therefore, diamide and diethyl maleate were used 
under in vitro conditions and the penetration of 
HRP was assessed.
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EXPERIMENTAL PROCEDURE
A. DIAMIDE
The larynges from six male rats were care­
fully dissected out with the trachea
attached and placed in Eagle1s medium
—4 ocontaining 4 x 10 M diamide at 37 C.
Glucose was omitted from the medium as it 
is known to counteract diamide. Six 
additional rat larynges were placed in 
Eagle's medium (also minus glucose) and 
maintained as controls. After 30 minutes 
incubation, horseradish peroxidase (HRP - 
final concentration 60 mg/10 ml) was added 
to the diamide treated and control larynges.
All larynges were exposed to HRP for five 
minutes. The larynges were then fixed, 
incubated and processed for electron micro­
scopy (see Materials and Methods).
In order to check that pre-treatment with 
diamide did, in fact, deplete GSH levels 
3 additional rat larynges were added to each 
treatment (i.e. control and 30 minutes diamide), 
removed and frozen before the addition of the
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HRP. These larynges were sectioned, stained 
to demonstrate GSH and quantified as previously 
described. 1
B. DIETHYL MALEATE
Eight larynges were placed in Eagle1s 
medium. Diethyl maleate was added as shown 
in Table 19. and the larynges incubated for 
25 minutes. HRP was then added to one 
larynx for each treatment and incubation 
continued for five minutes. The remaining 
larynx from each treatment was frozen for the 
demonstration of GSH.
TABLE 19
Depletion of GSH by diethyl maleate - 
experimental design
Larynx treatment
1 2 3 4 5 6 7 8 ,
Diethyl maleate 
Arachis oil 
Eagle’s medium
0
1 ml 
9 ml
0
1 ml 
9 ml
0,1ml 
1 ml 
8.9ml
0*1 
1 ml 
8.9ml
0. 3 
1 ml 
8. 7ml
0. 3 
1 ml 
8.7ml
0. 6 
1 ml 
8.4ml
0. 6 
1 ml 
8.4ml
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RESULTS
A. DIAMIDE
Quantification of the reduced glutathione 
content of diamide treated larynges failed 
to demonstrate any obvious difference from 
controls ( Table 20 ) .- Statistical 
analysis confirmed that diamide treatment 
did not reduce the amount of histochemically 
demonstrable GSH.
Examination of those larynges exposed to 
diamide and then HRP did not show any 
penetration of the tracer into the inter­
cellular spaces.
B . DIETHYL MALEATE
In those larynges treated with diethyl 
maleate at all concentrations, there was 
complete absence of GSH staining and therefore 
the sections were not quantified.
In those larynges exposed to diethyl maleate 
and to HRP penetration of HRP into the inter­
cellular spaces was not observed in any 
animal.
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CONCLUSION
In vitro depletion of GSH by diethyl maleate 
did not cause penetration of HRP into the inter­
cellular spaces o f .laryngeal epithelia.
TABLE 20
Quantification of histochemically demonstrable glutathione 
in laryngeal epithelium and effect of in vitro diamide
Rat No. Group Arbitrary Density Units
1 Control 626 *
2 Control 396 > 529
3 Control 565 J
4 Diamide (4 x 10 4M) 427 -I
5 Diamide (4
S**io1—I 522 520
6 Diamide (4 x 10-4M) 611 J
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(viii) Effect of cytochalasin-D induced microfilament
disorganisation on permeability of laryngeal 
epithelial intercellular spaces to exogenous 
horseradish peroxidase.
INTRODUCTION
There is evidence that microfilaments, composed 
of contractile proteins, similar to those which 
occur in muscle, are present in many cell types 
and are involved in maintenance of cell shape, 
cell movement (Allison, Davies and De Petris,
1971; Carr, 1972) and cell adhesion (Jones, 1966). 
One form of intracytoplasmic fibrillar material 
that provides internal support for the cell is 
known as the cell web (Leblond, Puchtler and 
Clermont, 1960). The cell web is arranged in a 
characteristic manner in different cell types. In 
cuboidal and columnar cells of simple epithelia it 
predominates in the apical region, where it is 
arranged in single or multiple layers of fibrils 
which join the junctional complexes. In strati­
fied epithelium the web consists of tonofibrils 
which attach to desmosomes. In parenchymal cells 
such as hepatocytes? the web makes up a complete 
lining under the cell membrane. Tight junctions
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are also known to contain a distinctive intra- 
membranous fibrillar component (Weinstein, McNutt, 
Nielsen and Pinn, 1970). Hull and Staehelin 
(1979) have recently re-evaluated the structure 
and function of the terminal web in the small 
and large intestine using high voltage (1 million 
volt) electron microscopy. They found a distinct 
stratification, in the small intestine especially, 
due to the association of different sets of micro­
filaments with the 3 portions of the junctional 
complex. Individual filaments were closely 
associated with the sealing elements of the 
tight junctions. In the adherens zone a band of 
interwoven filaments extended across the cyto­
plasm from one zonula to the other. They also 
found "transmembrane linkers" which appeared to 
originate within desmosomes, pass through the 
cell membrane and meet in the intercellular space. 
These "linkers" may thus mediate the actual 
mechanical coupling between the cytoskeleton of 
microfilaments of adjacent cells. Hull and 
Staehelin (1979) considered that the integrated 
system of cytoplasmic filaments and intercellular 
junctions endowed the apical cytoplasm with both 
the flexibility and the stability necessary for 
the normal functioning of the epithelium. Motility
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of brush borders has been shown to be brought
about by contraction of the cytoplasm in the
region of the zona adherens by ATP, Ca and 
++Mg (Mooseker, 1976; Rodewald, Newman and 
Karnovsky, 1976). These workers and Mooseker 
and Tilney (1975) have postulated that interaction 
of actin - microfilaments with myosin molecules, in 
the terminal web region, is responsible for 
observed contraction (motility) of brush borders 
of intestinal cells.
Unfortunately, similar studies to those described 
by Hull and Staehelin have not been performed on the 
ciliated cells of the respiratory tract and a high 
voltage electron microscope was not available for 
use in the present study. However, it is not 
unreasonable to assume that the arrangement of 
the terminal web of the apical cytoplasm of 
ciliated columnar cells would be similar to that 
of microvillous columnar cells. The presence 
of contractile protein in the cytoplasm attached 
to the cell membrane, particularly at tight 
junctions and desmosomes, provided a possible 
explanation for the penetration of HRP into the 
intercellular spaces. Contraction and relaxation 
of the contractile protein of the microfilaments
could conceivably open the tight junction and 
allow HRP penetration. Support for this hypothesis 
was provided by Inoue and Richardson (1979) who 
investigated the mechanism of ether anaesthesia- 
induced HRP penetration into intercellular spaces 
of tracheal epithelium. Using freeze-fraction 
techniques they found that the strands of the 
junctional complexes became fragmented. It is 
possible that these 'strands1 correspond to the 
microfilaments observed with conventional and 
high voltage electron microscopical preparations.
As the microfilaments comprising the cell web 
were not demonstrated in sufficient detail by 
continuous electron microscopy to detect changes, 
after smoke exposure, it was necessary to use a 
different approach. Thus,cytochalasin-D was used 
to investigate the possible role of microfilaments 
in tight junction function (and thus of HRP 
penetration into the intercellular spaces). The 
cytochalasins are known to destabilise actin 
microfilaments, and Prentki, Chaponnier, Jeanrenaud 
and Gabbiani (1979) clearly demonstrated that 
cytochalasin-D modified the shape of isolated 
hepatocytes.
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Hoffstein and Weismann (19 78) showed that micro 
filaments bring about contractile movements of 
neutrophil plasma membrane towards lysosomes, which 
leads to lysosomal enzyme secretion. Thus, micro­
filaments are able to bring about contraction of 
the cell membrane. Any change in shape of an 
epithelial cell or contraction of the cell membrane 
might conceivably lead to loss of cell contact and 
thus opening of tight junctions.
EXPERIMENTAL PROCEDURE
Four rat larynges were incubated in vitro with 
3 jiig/ml cytochalasin-D for 15 minutes. Four other 
larynges served as controls and were incubated in 
Eagles medium. Both groups were then treated with 
HRP and subsequently incubated and processed for 
examination with the light and electron microscopes
RESULTS
No penetration of HRP into the intercellular spaces 
was observed in any rat.
CONCLUSION
Cytochalasin-induced disruption of microfilaments 
did not cause penetration of HRP into the inter­
cellular spaces of laryngeal epithelia.
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(ix) Effect of colchicine-induced microtubule dis­
organisation on permeability of laryngeal 
epithelial intercellular spaces to exogenous 
horseradish peroxidase.
INTRODUCTION
Another possible mechanism for controlling cell 
shape is the microtubule system which is thought 
to be involved in phagocytosis, motility and 
cell support (Behnke and Forer, 1967). The 
assembly and disassembly of microtubules is a 
basic cellular process which may be controlled 
by the action of -SH groups on tubulin (Mellon and 
Rebhun, 1976) . It has been suggested that GSH is 
important for the activity of tubulin via this 
-SH group (Mellon and Rebhun, 1976) and Burchill, 
Oliver, Pearson, Leinbach and Berlin (1978) showed 
that oxidation of GSH prevented microtubule 
assembly and the breakdown of preassembled micro­
tubules. Thus, microtubule activity provided 
another possible mechanism for opening of tight 
junctions via changes in cell shape and also 
provided a possible link, with decreasing GSH 
levels.
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The possible role of microtubules in the 
maintenance of tight junctions was therefore 
investigated using colchicine which inhibits 
their polymerisation.
EXPERIMENTAL PROCEDURE
Six larynges were placed in Eagle's medium.
50mM colchicine (Wiksjp and Novales, 1972) was 
added to 3 larynges and incubation continued 
for 30 minutes. HRP was then added for 5 minutes 
and the larynges incubated and processed as 
previously described.
RESULTS
No HRP penetration was observed into the inter­
cellular spaces at any site.
CONCLUSION
Disorganisation of the intercellular microtubules 
by colchicine did not cause penetration of HRP 
into the intercellular spaces.
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(x) Effect of experimental calcium depletion on
permeability of laryngeal epithelial inter­
cellular spaces to exogenous horseradish 
peroxidase.
INTRODUCTION
Depletion of calcium ions has been reported to 
cause opening of tight junctions (Trump and 
Arstila, 1975; Galli, Brenna, Camilla and 
Meldolesi, 1976). The binding of calcium ions 
has also been shown to be an important factor in 
the maintenance of epithelial cell membrane 
stability (Millington, Critchley and Tovell, 1966). 
As the depletion of calcium represented an .... 
alternative potential mechanism to explain the 
smoke-induced penetration of HRP into the 
epithelial intercellular spaces, it was decided 
to determine whether the effect could be simulated 
in vitro. Depletion of Ca++ was achieved using 
EDTA (ethylene diamine tetra-acetic acid).
EXPERIMENTAL PROCEDURE
Unfortunately Trump and Arstila (1975) did not 
give experimental details in their review. 
Therefore, two concentrations of EDTA were used;
2mM (Hertzog, Sies and Miller, 1976); and lOmM
-304-
(double that used by Millington, Critchley and 
Tovell, 1966).
Three rats were allocated to each group, and 
controls were incubated in Eagle's medium only. 
After 20 minutes incubation HRP (60mg/10ml) was 
added to the media and incubation continued for 
a further 5 minutes. The larynges were then 
washed, fixed, incubated to demonstrate peroxidase 
and processed for examination with the light and 
electron microscopes.
RESULTS
No HRP penetration was observed into the inter­
cellular spaces of larynges from either EDTA 
concentration.
CONCLUSION
Under the experimental conditions employed,
depletion of calcium ions by - EDTA did not 
cause penetration of HRP into the intercellular 
spaces of laryngeal epithelia.
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(xi) Effect of exogenous histamine and endogenous
histamine release by compound 48/80 on perm­
eability of laryngeal epithelial intercellular 
spaces to exogenous horseradish peroxidase.
INTRODUCTION
Cotran and Karnovsky (1967) demonstrated that 
after intravenous injection, HRP caused increased 
vascular permeability which was due to mast cell 
degranulation and histamine release, as it could 
be prevented by mepyramine and bromolysergic 
acid diethylamine. Similarly, Deimann, Taugner 
and Fahimi (1976) found that i.v. HRP caused 
arterial hypotension, which could be counteracted 
by antihistamines and thus probably related to 
release of vasoactive amines by mast cell 
degranulation. ,
In 1977 Boucher, Ranga, Pare, Inoue, Moroz and 
Hogg showed that histamine caused increased 
bronchial mucosal permeability, and considered 
it most probably related to a functional change 
in the epithelial tight junctions.
Therefore, it was considered possible that the 
smoke-induced penetration of HRP into inter-
-306-
cellular spaces of laryngeal epithelium was 
brought about by HRP-induced histamine release 
from mast cells and thus not a direct effect of 
smoke. This possibility was investigated using 
two approaches;
(i) addition of exogenous histamine;
(ii) addition of compound 48/80, which is known
to bring about mast cell degranulation and
hence histamine release.
EXPERIMENTAL PROCEDURE
The larynges were incubated for 30 minutes at 
37°C, as detailed in Table 21 . The dose level 
of 48/80 was similar to that used by Ginsburg, 
Ben-Shahar, Hammel and Ben-David (1979) to 
degranulate mast cells, in vitro. At the end 
of the incubation period, HRP (60 mg/10 ml) was 
added to each medium and incubation continued for 
a further 5 minutes. The tissues were then 
fixed, incubated to demonstrate peroxidase and 
processed for examination with the light and 
electron microscopes.
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RESULTS
Penetration of HRP into intercellular spaces 
of respiratory epithelium was observed only in 
larynges treated with histamine.
The penetration was consistent and widespread 
with both dose levels of histamine.
CONCLUSION
Administration of exogenous histamine in vitro 
allowed penetration of HRP into the intercellular 
spaces of rat laryngeal respiratory epithelium. 
Release of endogenous histamine by compound 48/80 
did not induce HRP penetration.
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DISCUSSION
Published accounts of work performed to investigate the 
effects of tobacco smoke and other atmospheric pollutants 
on glutathione, and the activities of its associated 
enzymes have exclusively involved biochemical analyses 
(Ayers and Tierney, 1971; Pickering, Wender and Smith,
1975; York, Peirce, Schwartz and Cross, 1976). York, Pierce 
Schwartz and Cross (1976) found that exposure to tobacco 
smoke stimulated glutathione peroxidase, glutathione 
reductase and glucose-6-phosphate dehydrogenase in lung 
tissue. In apparent contrast, Pickering, Wender and Smith 
(1975) found that nicotine and a number of phenolic 
compounds (known to be components of tobacco smoke) 
inhibited (up to 90%) the activities of the same enzymes. 
Glutathione was found by Sato, Suzuki and Fukuyama (1962) 
to eliminate the inhibition of succinic dehydrogenase by 
smoke and Green (1968) demonstrated that it alleviated the 
smoke induced depression of phagocytic activity of alveolar 
macrophages.
Kosower and Kosower (1969) stated that reduced glutathione 
protected the cell membrane against chemical challenges or 
oxidising agents. These authors also found that cell lysis 
of human epithelial cancer (KB) cells in culture occurred 
when most of the GSH within the cell had been oxidised to
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GSSG and a chemical challenge was present during the time 
the concentration of GSH was low. This last finding has 
considerable relevance to the present study,because during the 
period when tobacco smoke decreases the GSH content there 
are numerous possibilities of chemical challenge from the 
constituents of smoke,capable of causing cell degeneration.
The distribution of decreased GSH levels throughout the 
larynx correlated with the previously described distribution 
ofcpathological changes. The most marked decrease was 
observed in the ventro-lateral region, which is known to 
subsequently undergo metaplasia; with a lesser effect in 
the arytenoid region which subsequently undergoes hyper­
plasia; no decrease was detected at level D which does not 
undergo pathological change. Thus decreased GSH levels 
appear likely to be involved in the subsequent development 
of pathological lesions.
The mechanism by which tobacco smoke depletes GSH is 
uncertain; there are several alternatives (Fig.Ill):
(a) The decrease in epithelial glutathione levels appears 
to correlate with the oxidation of GSH which occurs 
when tobacco smoke is bubbled through it in solution 
(York et al, 1976), Tobacco smoke contains highly 
reactive oxidising agents such as oxides of nitrogen
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(York et al, 1976) and it is possible that these 
potent oxidants could also directly oxidise GSH to GSSG.
(b) Alternatively, the free radicals of smoke may initiate 
lipid peroxidation in the tissue and this increase in 
lipid peroxides could then stimulate the activity of 
glutathione peroxidase. (Anon, 1978) and thus decrease 
GSH (substrate depletion). Enzyme reactions generating 
NADPH such as that catalysed by glucose-6-phosphate 
dehydrogenase (G-6-P DH) and the pentose pathway in 
conjunction with glutathione reductase and glutathione 
peroxidise constitute a potentially important inter­
related reductive antioxidant defence mechanism in 
respiratory tissue (York et al, 1976). It has been 
suggested that this integrated glutathione-related 
enzyme system protects tissues from direct oxidations 
and from toxic peroxides generated by oxidative 
processes (Little and O'Brien, 1968; Beutler, 1972).
(c) Another possible explanation is the inhibition of 
enzymes in the pentose shunt involved in the maintenance 
of the GSH to GSSG ratio,.: or a further alternative
mechanism is depression of glutathione synthesis 
possibly by inhibition of ^glutamyl cysteine synthetase 
or glutathione synthetase.
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Figure 111
Some possible interactions of tobacco smoke with reduced
glutathione
1. Tobacco smoke is known to initiate lipid peroxidation 
in alveolar macrophages. Increased levels of these 
toxic peroxides would be expected to stimulate 
glutathione peroxidase which, in turn, could deplete 
GSH.
2. Tobacco smoke in vitro directly oxidises a solution of 
reduced glutathione.
3. Inhibition of the pentose shunt would decrease GSH 
levels by lowering NADPH.
4. Constituents of tobacco smoke such as aryl hydrocarbons 
lead to production of aryl hydrocarbon epoxides within 
the cell. These epoxides are substrates for glutathione 
transferases and increased activity of these enzymes 
could lead to substrate depletion (i.e. of GSH).
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(d) Although the liver is primarily responsible-for the
metabolism of foreign compounds, detoxication mechanisms 
are also present in a variety of other tissues, including 
lungs. Many foreign compounds are metabolised to potent 
alkylating or arylating agents and studies with liver 
have indicated a role for sulphydryl-containing compounds, 
particularly glutathione, in protecting tissues from 
such toxic reactions (Mitchell, Hinson and Nelson,
1976). The detoxication process involves production 
of mercapturic acids (conjugates of N-acetylcysteine) 
by conjugation of electrophilic compounds with the 
endogenous nucleophile glutathione. These reactions are 
usually catalysed by the glutathione S-transferases which 
appear to function as cellular protective enzymes 
(Chasseaud, 1976). Both 3-methylcholanthrene and 
benzo(a)pyrene have been shown to induce hepatic glutathione 
S-transferases (Kaplowitz, Kuhlenkamp and Clifton, 1975). 
Several workers have shown that the tissues from the 
respiratory tract metabolise many foreign compounds, 
including polycyclic hydrocarbons, in a similar way to 
the liver. Grover, Hewer and Sims (1974) found that 
epoxides were formed from polycyclic hydrocarbons by 
enzymes present in rat lung, and that lung tissue was 
at least as active as liver in terms of metabolism of 
these compounds. Grover (1974) reported that the soluble 
supernatant fraction of lung appeared to possess higher
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levels of glutathione S-epoxide transferases than 
liver. In a study in which metabolism of benzo(a) 
pyrene was compared in culture, Cohbn and Moore (1976) 
found much higher concentrations of metabolites from 
lung than trachea or bronchus. It would appear 
logical to assume that larynx would be able to metabolise 
polycyclic hydrocarbons to a similar degree to trachea 
and bronchus, as the epithelial component is similar. 
Cohen and Moore (1976) suggested that their results 
could partially explain the higher susceptibility of 
trachea and bronchus to carcinogenesis than lungs.
Epoxide conjugation is probably of importance in 
carcinogenesis as in some cases the epoxide is probably 
the carcinogen (Chasseaud, 1973) . It is thus possible 
that increased activity of glutathione S-transferases 
in response to the foreign components of tobacco smoke 
such as arylhydrocarbons, could lead to substrate 
depletion (i.e. of GSH); and thus represent an alter­
native explanation for the reduced levels of GSH 
after tobacco smoke exposure.
Investigation into two of these possible causes of 
GSH depletion, i.e. inhibition of G-6-P DH and the 
production of lipid peroxides failed to reveal a positive 
correlation. No lipid peroxides were demonstrable, although
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the sensitivities of the histochemical techniques employed 
are unknown, and although there was a decrease in G-6-PDH 
activity the effect was marginal and not statistically 
significant. In addition,the fact that only a single 
10-30 minute exposure period was used in the present study 
tends to suggest that there was insufficient time for 
stimulation and induction of glutathione S-transferase 
and glutathione peroxidase to have occurred, or for the 
effects of inhibition of glutathione synthetase or the pentose 
shunt to have any effect. Therefore, it would appear most 
likely that direct oxidation of GSH by smoke constituents, 
was responsible for the decreased amounts of GSH.
Although GSH is known to be involved in the regulation 
of ATP'ases^no demonstrable effect was found on epithelial . 
activity after smoke exposure. Thus GSH depletion does not 
appear to have an immediate effect on ATP'ase activity. The 
absence of ATP'ase inhibition was in direct contrast with 
the findings of Cress, Spock and Heatherington (1965) who 
reported loss of activity in rabbit tracheas exposed to 
smoke in vitro. However, the fact that Cress et al (1965) 
exposed their tissues in culture, by perfusing smoke into 
the medium may explain this apparent discrepancy. This 
procedure would be expected to result in the absorption of 
soluble smoke constituents into the medium and thus not be 
directly comparable with smoke exposure by inhalation.
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Mattenheimer and Mohr (1975) demonstrated biochemically 
that the activity of adenylate kinase, which catalyses the 
production of ATP from ADP, was inhibited after a single 
smoke exposure. ATP is known to be essential for ciliary 
movement and this may thus explain the ciliostatic; effect 
of tobacco smoke. Unfortunately adenylate kinase cannot 
be demonstrated histochemically.
The use of HRP as a tracer was originally described by 
Strauss (1957) and was extended to the ultrastructural level 
by Graham and Karnovsky (1966). The technique has been widely 
used as a suitable tracer to investigate pathways of penetration 
through a variety of epithelia, including gingiva (McDougall, 
1970); choroid plexus (Becker, Novikoff and Zimmermann, 1967); 
kidney proximal tubules (Graham and Karnovsky, 1966); and 
duodenum (Hugon and Borgers, 1968).
Farquhar and Palade (1963) suggested functional special­
isation of the elements of junctional complexes: the zonula
occludens as a diffusion barrier, and the desmosome as 
the intercellular attachment device, with the adhering and 
probably the occluding zonules also participating in the 
latter function. In a zonula adherens the plasma membranes 
of adjacent cells come into intimate contact. If one of 
these membranes is split open by cleaving, fibrils are found
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running in the plane of the membrane (Weinstein and McNutt. 
1972). Occludens junctions are the only type of cell 
junction which are known to contain long intramembranous 
fibrils. Desmosomes and zonula adherens are composed of 
parallel plasma membranes which are connected on their 
intercellular side by a thick belt of electron-dense 
material. In the cytoplasm along an adherens junction 
is a condensation of filamentous material. These junctions 
serve as anchoring sites for cytoplasmic microfilaments which 
serve as part of the cytoskeleton.
Although opening of tight junctions is the most 
obvious mechanism by which HRP is able to penetrate into 
intercellular spaces, there is a possible alternative, i.e. 
via absorption by the apical cell cytoplasm and secretion 
into the intercellular spaces below the tight junction. 
Boulpaep and Sackin (1976) described a similar pathway 
in the gallbladder as being responsible for passive ion 
permeation and salt and water transport, but Fredericksen, 
M011gard and Rostgaard (1979) have recently raised doubts 
about the general validity of this concept. The absence 
of HRP with the cell cytoplasm even at the electron 
microscope level tends to disprove the intracellular 
involvement and therefore tight junction opening appears 
to be the most likely route. Inoue and Richardson (1979) 
came to a similar conclusion on finding fragmentation of
-319-
junctional strands after ether anaesthesia, which had 
previously been shown to also induce HRP penetration 
(Richardson, Bouchard and Ferguson, 1976)
Epithelial cell separation as a result of exposure to 
chemicals is a phenomenon repeatedly described in the 
literature . It is well known that_stimuli 
such as surgical trauma (Rhodes and Karnovsky, 1971) or 
electric shocks (Hirano, Becker and Zimmerman, 1970) can 
also cause opening of the tight junctions which normally 
seal intercellular spaces from the luminal environment 
(Weinstein and McNutt, 1972).
The present study illustrated the relative resistance 
properties of the laryngeal epithelia. The epithelial 
type generally regarded as the most sensitive, i.e. 
respiratory, was also the most readily penetrated by HRP 
after smoke exposure . Squamous epithelium, which-is 
most resistant, did not allow any HRP penetration and the 
cuboidal type only allowed a limited amount. Thus, the 
degree to which tobacco smoke exposure causes HRP penetration 
correlates with the severity of ultrastructural changes 
previously described for the particular epithelial type.
The reason for the lack of penetration in the more resistant 
squamous epithelium may be due to the presence in its inter­
cellular spaces of a mucopolysaccharide material, possibly 
secreted by membrane coating granules (Squier, 1973). This
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material was regarded by Rambourg and Leblond (1967) as an 
intercellular cement and Squier (1973) suggested it 
prevented HRP penetration in the squamous oral epithelia. 
Although the reason for the partial penetration of HRP into 
the intercellular spaces of the cuboidal epithelium is not 
completely understood, it is tempting to speculate that 
it represents the combination of respiratory and squamous 
features. It should be remembered at this point that 
ultrastructurally this type of cuboidal epithelium was 
found to contain tight junctions at the surface and membrane 
coating granules in the luminal cytoplasm of "mid-position" 
cells. Thus, the tight junction at the surface may open in 
response to smoke and HRP is able to enter, but the inter­
cellular material in the mid and basal regions could 
prevent further (deeper) penetration.
Thus it seems likely that permeability in squamous 
and respiratory/cuboidal epithelium is controlled by 
different mechanisms: in respiratory and cuboidal by
tight junctions and in squamous and cuboidal by inter­
cellular substance. The absence of well-developed tight 
junctions in squamous epithelium agrees with the findings of 
Hopwood, Logan and Bouchier (1978) in the stratified 
squamous epithelium of human oesophagus.
The results of the present study are in general 
agreement with those of Simani, Inoue and Hogg (1974)
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in that tobacco smoke exposure results in the penetration 
of exogenous HRP into the intercellular spaces of respiratory 
epithelium. In the present study the penetration was found 
to be only transient (i.e. after two hours recovery from 
exposure HRP did not penetrate into the intercellular spaces) 
and was localised to a specific region of the larynx.
Simani, Inoue and Hogg (1974) did not comment upon the time 
interval after cigarette smoke exposure at which they applied 
the HRP and found penetration in the trachea, bronchus and 
alveolus. An interesting finding in the present work was 
that the metaplastic epithelium produced after five days 
smoke exposure was impermeable to HRP, indicating the 
production of a more resistant, and therefore protective, 
epithelial lining.
Simani et al (1974) considered their experiments 
demonstrated that cigarette smoke interfered with the 
normal protective function of the tracheal and bronchial . 
respiratory epithelium, and that this could allow carcino­
gens, present in smoke,to penetrate to the basal layer. At 
this point, it is of relevance to note that the bronchial 
epithelium does not undergo metaplastic change, after 
tobacco smoke exposure, as readily as that in the ventro­
lateral region of the larynx (unpublished observations). 
Therefore, in the bronchus, repeated exposure to smoke might 
be expected to continue to allow penetration, whereas in the 
ventro-lateral region of the larynx, degeneration occurs and
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the epithelium undergoes metaplasia which prevents further 
penetration. The hypothesis of Simani: et al (1974) ,. that 
exposure to tobacco smoke removes the protective barrier 
of the epithelium and allows the repeated penetration of 
toxic and carcinogenic substances to the basal layer, is 
not therefore applicable to the larynx. The most sensitive 
areas (i.e. the ventro-lateral region at level A) under­
goes metaplasia which prevents repeated penetration, and 
the less^nsitive area (i.e.level D) does not allow 
penetration at all. The reason for the absence of HRP 
penetration at level D, in contrast to the findings of 
Simani et al (1974), in the trachea may be explained by 
the different exposure regimes employed. The larynges were 
subjected to a single smoke exposure whereas the tracheal 
penetration was induced after several days' exposure.
The opening of tight junctions as demonstrated by HRP 
penetration may be an important factor in the degeneration 
of an epithelium and its subsequent metaplastic trans­
formation. This may conceivably be due to the penetration 
and retention of toxic compounds into the intercellular 
spaces and their prolonged exposure to epithelial cells.
Allergic bronchoconstriction has also been shown to 
increase permeability of the respiratory mucosa (to low 
molecular weight polypeptides). Similarly histamine and 
methacholine aerosols cause increased penetration of- HRP into
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intercellular spaces (Bouch.er, Ranga, Pare*, Inoue, Moroz 
and Hogg, 1977). These findings suggest that opening of 
tight junctions may be a transient, reversible phenomenon.
This view is supported by the work of Richardson, Bouchard 
and Ferguson (1976) who showed that ether anaesthesia 
increased permeability of tight junctions to HRP, but 
halothane did not.
Investigations performed in the present study, into 
the mechanism(s) of smoke-induced HRP penetration into 
epithelial intercellular spaces, were inconclusive. The 
in vitro use of cytochalasin, colchicine and EDTA,compounds 
known to affect microfilaments, microtubules and 
calcium levels respectively, all failed to simulate the 
smoke-induced penetration. Therefore, it would appear that 
these mechanisms are not involved in the smoke-induced 
penetration.
The hypothesis that the penetration of HRP was related 
to the demonstrated decrease in GSH was also not substantiated. 
In vitro depletion of GSH,by diethyl maleate, did not result 
in penetration of HRP into the intercellular spaces. Thus, 
penetration of HRP and decreased GSH appear to be unrelated 
changesr although: they" both result from 'exposure to smoke.
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Administration of exogenous histamine in vitro 
also brought about penetration of HRP into the inter­
cellular spaces. This finding correlates with the 
work of Boucher et al. (1977) who found increased 
permeability after administration of a histamine 
aerosol, in vivo Tobacco smoke exposure has been 
shown to release histamine, in experimental animals, 
and similarly human smokers have been reported to have 
a higher level of blood histamine (Lewis and Nicholls,
1972). Compound 48/80 was used in order to investigate 
whether tobacco smoke induced HRP penetration was in 
fact due to release of endogenous histamine, from mast 
cells. The absence of penetration in these larynges 
casts doubt on the mediation of endogenous histamine in 
the tobacco smoke induced penetration. This is possibly 
due to lack of sufficient endogenous histamine to affect 
the tight junctions. An alternative suggestion is that 
both exogenous histamine and tobacco act similarly, but 
independently, on the tight junctions.
With the failure to induce HRP penetration into inter­
cellular spaces by altering a variety of cellular parameters 
in vitro,it would appear likely that smoke and histamine-
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HRP penetration is due to a direct effect on the tight 
junctions themselves. This view is in agreement with the 
conclusion of Boucher et al (1977) following their work 
with histamine and methacholine.
Kohler and Geyer (1978) decribed the use of HRP exclusion 
as a test for cell viability, and Geyer, Schmidt and Biederman 
(1979) defined the controlled conditions necessary for 
reliable results. Using this technique the present study 
illustrated that the number of cells in the ventro-laterai 
region at the base of theepiglottis, stained by HRP was 
markedly increased 24 hours after exposure to tobacco smoke. 
This cytoplasmic staining indicates that the cells were 
unable to exclude HRP and suggests that the plasma membrane 
was either ruptured or damaged and thus more permeable.
Both possibilities indicate a degree of cell injury. 
Administration of HRP and subsequent localisation of peroxidase 
activity thus allows identification of injured and/or 
degenerate cells in laryngeal epithelium. These results 
would thus appear to substantiate the views of Kfihler and 
Geyer (1978) and of Geyer, Schmidt and Biederman (1979)who 
claimed that exclusion of HRP is a suitable test of cell 
viability. They found that sensory cells from the organ of 
Corti exhibited HRP staining after induced mechanical damage, 
and also used the technique to count the number of degenerate
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peritoneal cells. The specific localisation of damaged 
cells at one particular site in the larynx was not unexpected 
as this site was shown previously to illustrate ultrastructural 
changes after 24 hours and to undergo metaplastic trans­
formation, as early as three days after commencement of 
tobacco smoke exposure.
The presence of degenerate cells in the laryngeal 
epithelium after a single tobacco smoke exposure is 
perhaps surprising, but when viewed in the absence of 
changes in ciliated epithelium elsewhere, serves to emphasise 
the sensitivity of the particular laryngeal site. In this 
context it should also be remembered that adjacent, more 
resistant, cuboidal and squamous epithelia did not illustrate 
cytoplasmic staining.
Christensen and Hayes (1977) described a biphasic 
absorption of HRP by epithelial cells in the normal hamster 
bronchus. They found that after five minutes exposure to 
HRP, 13% of cells illustrated intense diffuse cytoplasmic 
staining, whereas after 30-45 minutes exposure many cells 
had a moderate staining due to HRP contained within pino- 
cytic vesicles. It seems likely that the intense staining 
observed after five minutes by Christensen and Hayes (1977) 
corresponds with the low incidence of stained cells in the 
laryngeal ciliated epithelium of both control and smoke
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exposed rats observed in the present study. These cells 
may represent the normal component of damaged or degenerate 
cells found within laryngeal epithelium, whereas the pino- 
cytic uptake described by Christensen and Hayes (1977) 
after prolonged HRP exposure, probably represents a 
separate physiological absorption process.
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CONCLUSION
From the investigations performed in this thesis 
the following results were obtained and conclusions drawn:
A. The normal rat larynx
The initial aim of this work was to investigate the 
rat larynx in terms of its anatomy, histology, ultra­
structure and mitotic indices. These studies revealed :
i) three identifiable epithelial types i.e. squamous, 
cuboidal and respiratory by conventional light 
microscopy;
ii) by electron microscopy five epithelial types were 
identified i.e. squamous, squamoid, respiratory and 
two distinct cuboidal forms;
iii) the distribution of these epithelial types was 
constant, with little inter-animal variation, and 
generally reflected the likelihood of abrasion or 
irritation. However, areas of respiratory epithelium 
were found in the ventro-lateral regions at the base 
of the epiglottis - an apparently vulnerable site;
iv) in the ventro-lateral regions at the base of the 
epiglottis and in the ventral pouch the epithelia 
were highly innervated;
v) marked differences in mitotic indices were found 
between laryngeal regions. These differences usually 
correlated with epithelial type. However, a higher 
mitotic index was found in the respiratory epithelium 
in the ventro-lateral regions at the base of the 
epiglottis, than in other respiratory areas;
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B . The effect of tobacco smoke
The aim of this work was to determine the effects
of tobacco smoke exposure on the histology, ultra­
structure and mitotic indices on rat laryngeal epithelia.
These studies revealed :
i) epithelial hyperplasia and squamous metaplasia were 
present after 3 days exposure?
ii) the distribution of lesions throughout the larynx 
was non-homogeneous, with the ventro-lateral regions 
at the base of the epiglottis and level B, and the 
arytenoid projections, predilection sites.
Anatomical, histological, air flow and smoke 
characteristics were considered to contribute to 
the distribution of the lesions?
iii) in respiratory epithelium squamous transformation was 
preceded by slight acute inflammation, degeneration 
of original epithelial cells. Simultaneous basal 
hyperplasia and squamous differentiation., were followed 
by "slit-formation1 and subsequent desquamation;
iv) in cuboidal epithelium squamous metaplasia appeared to 
develop by transformation of the original surface 
cells;
v) degeneration of respiratory epithelium involved 
mitochondrial swelling, dilatation of the endoplasmic 
reticulum, cytoplasmic lysis, accumulation of 
lysosomes, widening of the intercellular spaces with 
loss of desmosomes,and loss and shortening of cilia;
-330-
vi) squamous transformation of cuboidal epithelium 
involved production of increased numbers of 
tonofibrils and free ribosomes in surface and 
intermediate cells;
vii) hyperplasia of squamous epithelium also involved 
production of increased numbers of tonofibrils and 
free ribosomes;
viii) a marked rise in mitotic indices occurred 1 day
after exposure, in the regions, which subsequently 
underwent squamous metaplasia or hyperplasia. The 
indices decreased quickly, but remained above the 
control figures; 
ix) continued exposure, for up to 2-years, caused
superficial keratinisation and/or undulation of 
the metaplastic and hyperplastic epithelia, but 
no evidence of atypia, carcinoma in situ, or 
invasive carcinoma was found.
C. Investigations into the mechanism(s) of smoke-induced 
epithelial changes
Having established the nature of tobacco-smoke induced 
changes, a series of experiments were performed which were 
designed to investigate the mechanisms involved in the 
development of the lesions. These experiments revealed :
i) a single smoke exposure allowed a transient
penetration of the tracer horseradish peroxidase (HRP) 
into the intercellular spaces of respiratory epithelium 
located at the base of the epiglottis;
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iil.a single smoke exposure altered the ability of
ciliated cells, specifically in the ventro-lateral 
regions at the base of the epiglottis, to exclude 
HRP from their cytoplasm;
iii).a single smoke^exposure caused a decrease in the 
amount of histochemically demonstrable reduced 
glutathione in some laryngeal epithelia;
iv)• the in vitro use of cytochalasin, colchicine and 
EDTA , compounds known to affect microfilaments, 
microtubules and calcium levels respectively, all 
failed to cause penetration of HRP into the 
epithelial intercellular spaces ;
v). . the in vitro use of diethyl maleate , to deplete
the reduced glutathione content , failed to cause 
penetration of HRP into the epithelial intercellular 
spaces ;
vi).the in vitro use of histamine caused penetration
of HRP into the intercellular spaces , but compound 
48/80 did not.
vii).tobacco smoke (and histamine) thus appear to act 
directly on the tight junctions;
-332-
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